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ABSTRACT
THE EFFECT OF DISTURBANCE AND INVASION ON FUNGAL AND PLANT
COMMUNITIES OVER AN ELEVATIONAL GRADIENT
SEPTEMBER 2021
ADAM N. TRAUTWIG, B.S., STATE UNIVERSITY OF NEW YORK COLLEGE OF
ENVIRONMENTAL SCIENCE AND FORESTRY
M.S., AUBURN UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Kristina A. Stinson
High-elevation ecosystems are at risk of disruption from the future effects of
climate change. Sub-alpine meadows are a source of unique plant populations,
intraspecific variation of elevationally extreme populations, and vital sources of fresh
water resources. We evaluated the whole fungal communities, arbuscular mycorrhizal
fungal (AMF) communities, plant communities, and edaphic variables of sub-alpine
meadows in undisturbed, disturbed, and disturbed with a non-native member of the
Brassicaceae (Thlaspi arvense) plots. In conjunction with measuring the effects of
disturbance on native communities we conducted potting experiments on a dominant
grass of sub-alpine meadows (Festuca thurberi). We also surveyed T. arvense with 14
other members of the Brassicaceae for association with AMF in the context of a broad
review of the literature for instances of Brassicaceae members found with arbuscules in
their fine roots. We found that T. arvense disrupts native fungal and plant community
dynamics by filtering phylogenetic diversity of AMF. In addition, we determined that
intraspecific variation in F. thurberi is greater than variations in treatments associated
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with synthetic invasion. Several members of the Brassicaceae were also found to have
arbuscules present in fine roots that may be relevant to AMF biogeography.
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CHAPTER 1
REVIEWING ECOLOGICAL IMPLICATIONS OF MYCORRHIZAL FUNGAL
INTERACTIONS IN THE BRASSICACEAE
1.1. Abstract
Mycorrhizal associations are fairly ubiquitous across vascular plants; however,
some families have consistently been identified as non-mycorrhizal, including the
Brassicaceae. In this paper, we reviewed the literature and DNA databases for potential
mechanisms that preclude mycorrhizal symbioses in the Brassicaceae and for exceptions
to the general observation of non-mycorrhizal status within this plant family. In instances
of association between members of the Brassicaceae and arbuscular mycorrhizal fungi we
posed hypotheses for why these interactions occur in the species and sites observed.
Instances of inconsistent association with mycorrhizal fungi were attributed to inter and
intraspecific variations in plant biology, disagreements in vernacular and methodology
contradicting historical mycorrhizal surveys, and association being a facultative, variable
trait that is determined by species-site interactions. We propose further research on a) the
extent of mycorrhizal association in the Brassicaceae, b) the molecular mechanism
dictating association, and c) whether Brassicaceae-mycorrhizal fungal interactions result
in nutrient transfer.
1.2. Introduction
The Brassicaceae family (previously Cruciferae) is a monophyletic group
composed of over 3,600 species and occupying a wide range of ecological roles across
cosmopolitan and extreme environments (Al-Shehbaz et al., 2006; Al-Shehbaz, 2012;
Anjum et al., 2012). It has been difficult to make meaningful generalizations about this
1

family due in part to the range of environments they inhabit, but also due to the
functional diversity present overall. Several whole genome duplication events are likely
responsible for the rapid adaptive radiation and resulting broad level of diversification
present across the Brassicaceae (Schranz et al., 2006; Al-Shehbaz, 2011; Franzke et al.,
2011). However, the Brassicaceae is generally accepted to be non-mycorrhizal, due in
part to the previous historical classification by DeMars and Boerner (1996) as well as to
some notable examples of mycorrhizal suppression and/or non-mycorrhizal status within
the family (Stinson et al., 2006; Veiga et al., 2013). At the same time, the literature
contains exceptions to this general observation, in which Brassicaceous species are
known to form below-ground symbionts including with mycorrhizal fungi (Regvar et al.,
2003; Pongrac et al., 2008; Almario et al., 2017). Here we summarize the historical
classification of the Brassicaceae as non-mycorrhizal and provide examples of
mycorrhizal species. We discuss some of the ecological and evolutionary considerations
that might contribute to this discrepancy, and review existing phylogenies including
species that demonstrate ability to form mycorrhizal symbioses.
1.3. Classification of The Brassicaceae as Non-Mycorrhizal
Two separate theories have been put forth to explain why the Brassicaceae may
lack mycorrhizal associations, both focusing on Brassica species. The first states that the
absence of a mycorrhizal growth stimulator in the roots is likely responsible for the lack
of mycorrhizal symbionts (Glenn et al., 1988). The second asserts that antifungal
compounds produced in the roots of some non-mycorrhizal plants may play a role in their
non-mycorrhizal status.

2

1.3.1. Lack of mycorrhizal growth stimulator
Recent focus has determined molecular mechanisms, or lack thereof, responsible
for the observations that numerous members of the Brassicaceae either do not associate
with mycorrhizal fungi and form functional arbuscules (Box 1; DeMars and Boerner,
1996) or form associations that produce a measurable reduction in growth when
associations do occur (Veiga et al., 2013). Delaux et al., (2014) identified a group of
“symbiosis specific genes” that members of the Brassicaceae lacked. Lack of these
“toolkit” genes (which code for a variety of functions including perception,
communication, and development of mycorrhizal symbiosis) have been proposed as one
of the predominant reasons for the non-mycorrhizal status of the Brassicaceae. They are
highly conserved in land plants and their absence was confirmed in a phylogenetically
diverse group of members of the Brassicaceae (Delaux et al., 2014).

1.3.2. Glucosinolates
Production of specialized chemical defenses, ubiquitous across the Brassicaceae,
may produce an atypical rhizosphere system that could play a role in plant-plant and
plant-microbe interactions. Of particular note are the glucosinolates; volatile and semivolatile compounds that result from glucosinolate degradation, and hydrolytic products of
glucosinolates—isothiocyanates (Ahuja et al., 2010; Schranz et al., 2011; Brolsma,
2014). Glucosinolate degradation occurs when fresh parts of the plant are crushed,
thereby releasing myrosinase, an enzyme responsible for hydrolysis of glucosinolates into
isothiocyantes (Al-Shehbaz, 2011). In addition to their properties associated with the
Brassicaceae, numerous researchers have demonstrated isothiocyanates can also have
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anti-microbial effects which may suppress root symbioses with soil microbiota (Walker
et al., 1937; Klopping and van der Kerk, 1951; Bradsher et al., 1958). In particular, the
widely invasive Alliaria petiolata, garlic mustard, is able to outcompete native AMfungal dependent plants by suppressing spore germination and root colonization by AMF
(Box 2; Roberts and Anderson, 2001; Stinson et al., 2006; Roche et al., 2020). Recent
studies have definitively demonstrated the presence of orthologous proteins linked to
indolic glucosinolates in phylogenetically diverse groups in the Brassicaceae. These
proteins also experimentally reduce AMF in A. thaliana (Anthony et al., 2020).
Potential molecular mechanisms linked to loss of ability in members of the Brassicaceae
to associate with mycorrhizal fungi has been identified (Delaux et al., 2014; Domka et
al., 2019). We decided to focus our review on where mycorrhizal association have been
observed and the related ecology of those members. Specific questions we developed
related to the extent to which mycorrhizal association occurs included:
•

Whether association is rudimentary or non-functional (Cosme et al., 2018;
Brundrett and Tendersoo, 2019)?

•

Whether deletion of symbiotic genes occurred simultaneously or was the result of
multiple independent deletions (Delaux et al., 2014; Cosme et al., 2018)?

•

And whether there are redundant mechanisms that support associations (Hayward
et al., 2012; Cosme et al., 2018)?
We assessed the frequency of AM fungal colonization of Brassicaceae species by

conducting a literature review of microscopic investigations of Brassicaceous roots and a
data-mining exploration of AM fungal DNA from surveys of Brassicaceae roots. Both
surveys found some presence of AM fungal structures and DNA throughout plants in the

4

Brassicaceae. Here we discuss these findings in more depth and provide suggestions for
future directions in the field.

BOX 1 Arabidopsis thaliana (L.) Heynh has long been considered a model
organism for research in plant biology and has been an especially useful molecular
resource since its whole genome sequence was published in 2000 (Meinke et al., 1998;
Arabidopsis Genome Initiative, 2000). The focus on A. thaliana, relative to other
members of the Brassicaceae, is also likely one of the strongest reasons for the enduring
classification of the Brassicaceae as a non-mycorrhizal family. Vesicular arbuscular
mycorrhizal development is considered typical when hyphae, vesicles, and arbuscules are
present (DeMars and Boerner, 1996). Vesicles are broadly considered storage structures,
while arbuscules are generally responsible for the association with a plant partner (Smith
and Read, 2008).
Although arbuscular mycorrhizal fungi colonize A. thaliana roots, arbuscules do
not form. In those cases, when forced to interact with mycorrhizal fungi, as shown with
A. thaliana in Veiga et al., (2013), there can be a 50% decrease in plant growth. Many
mechanisms can explain the lack of functional mycorrhizal association. Key among them
is the presence of a complex spatial arrangement of microbe associated molecular pattern
(MAMP) response mechanisms in A. thaliana roots. MAMP responses are complex, with
response to flagella associated polypeptide from Pseudomonas aeruginosa and
peptidoglycan in the elongation zone and chitin in more mature root tissue (Millet et al.,
2010). Similarly, A. thaliana has MAMP triggered immunity to potentially beneficial
interactions with Rhizobium-legume forming symbionts that can be mitigated through the
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application of Nod factor (Liang et al., 2013). Arabidopsis thaliana does have its own
beneficial root associates with a core microbiome being well investigated in this model
(Lundberg et al., 2012; Zolla et al., 2013; Bai et al., 2015). One interaction involves
Piriformospora indica, an endophytic fungus that colonizes the roots of A. thaliana and
benefits its plant partner through a complex and highly regulated cooperation (Peškan‐
Berghöfer et al., 2004; Camehl et al., 2010).

BOX 2 Another well examined interaction between a member of the Brassicaceae
and mycorrhizal fungi involves the well-characterized invasive species Alliaria
petiolata—a biennial, non-mycorrhizal, herbaceous plant, originating from Eurasia, that
has become well established in the eastern United States and Canada (Nuzzo, 1999;
Stinson et al., 2006). Alliaria petiolata has been held up as an example of an invasive
plant that supports the novel weapons hypothesis through the production of
glucosinolates, and other secondary metabolites in its introduced range that suppress
mycorrhizal fungi in its introduced range but not in its native range (Callaway et al.,
2008; Barto et al., 2010). These compounds have been implicated in the suppression of
mycorrhizal fungal inoculum potential that is not found in the native range of A. petiolata
(Roberts and Anderson, 2001). Lower levels of colonization by arbuscular mycorrhizal
fungi on Acer saccharum, Acer rubrum, and Fraxinus Americana were observed in soils
that had been invaded by A. petiolata (Stinson et al., 2006). Reductions in
ectomycorrhizal fungi were observed in a separate multi-pronged experiment (Wolfe et
al., 2008). Additionally, Anthony et al., (2017) and Duchesneau et al., (2020) both
determined that novel saprobes and pathogens were found in invaded versus uninvaded
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patches, along with numerous shifts in broad functional groups, and an overall increase in
fungal richness associated with invasion. These shifts in belowground communities have
been shown further in a 14-year A. petiolata removal experiment, which resulted in
cascades affecting plant physiology and resource use, in a static soil-nutrient environment
(Bialic-Murphy et al., in press).

1.4. Literature Review of Exceptions to Non-mycorrhizal Status in the Brassicaceae
In a comprehensive review of the literature searching the terms “Mycorrhizal Fungi/al”,
“Association”, “Arbuscule”, and “Brassicaceae/Cruciferae” in Web of Science. We found
examples of arbuscule formation in 15 phylogenetically and ecologically disparate
species through either search results or relevant articles in referenced articles. Below we
summarize the nature of these associations and pose some hypothetical ecological
explanations.

1.4.1. Brassica compestris L. and Sisymbrium loeselii L.
A survey of invasive plants located in the Kashmir Valley of the Himalaya found
two members of the Brassicaceae that hosted arbuscule forming mycorrhizal fungi. The
authors noted that while most species survey presented as either Arum-type or Paris-type
both B. compestris and S. loeselii were characterized as intermediate of those
classifications. (Shah et al., 2009).

1.4.2. Brassica napus L.

7

Observation of arbuscule formation by AMF on Brassica napus L. was
documented in Tommerup (1984). Conditions in which B. napus was grown included
steamed sand with added nutrients in a growth cabinet. Levels of arbuscule formation
were low particularly in comparison to Trifolium subterraneum and the functional
significance of the associated structures present inside and outside of the root has been
questioned by some (Tommerup, 1984, Brundrett and Tedersoo, 2018).

1.4.3. Biscutella laevigata L.
Members of B. laevigata and Plantago lanceolate were surveyed for mycorrhizal
colonization on mine waste mounds in Poland. Arbuscule formation was found during the
flowering stage on contaminated zinc sites and on noncontaminated sites in the Tatra
Mountains. Unique to other members of the Brassicaceae the authors note the presence of
vesicles, coils, and arbuscules (Orlowska et al., 2002).

1.4.4. Capsella bursa-pastoris (L.) Medik. and Rorippa indica (L.) Hiern.
In northern Pakistan a survey of several plant families was conducted in order to
evaluate mycorrhizal association across a variety of habitats. Among the plants shown to
associate with mycorrhizal fungi were C. bursa-pastoris and Rorippa indica, which the
authors described as having medium and low AMF association, respectively (Saif and
Iffat, 1976). These were the only members on this list in which observation of arbuscules
was not explicitly noted. However, the characterization of the “VA mycorrhizal
infection” as medium with regards to C. bursa-pastoris (Saif and Iffat, 1976), as well as
the observation that members of Capsella have been observed to be devoid of indole

8

glucosinolates (Bednarek et al., 2011; Hiruma et al., 2018) which some researchers have
demonstrated plays a role in excluding mycorrhizal fungi in A. thaliana (Anthony et al.,
2020), warranted its inclusion on this list. Capsella bursa-pastoris has also been observed
to form internal hyphae, vesicles, extramatrical hyphae and chlamydospores but not
arbuscules in three of four sites sampled in Ohio (DeMars and Boerner, 1994) and not
displaying mycorrhizal infestation in Pennsylvania and California (Medve, 1983). In Saif
and Iffat (1976) Matthiola flavida Boiss. and Nasturtium officinale W.T. Aiton were not
observed to be mycorrhizal.

1.4.5. Lepidium bonariense L.
In a survey of weed species present in agricultural areas Massenssini et al., (2014)
Lepidium bonariense was found to be colonized at relatively high densities with an
Arum-type development. Arum-type developments are characterized by linear hyphae and
arbuscules. The authors characterized the association as active and extensive although
they did not denote the density of arbuscules specifically.

1.4.6. Lepidium bidentatum var. o-waihiense (Cham. & Schlechtend.) Fosb.
Another example of variable association with mycorrhizal fungi was enumerated
by Koske et al., (1992) in which an endemic Hawaiian member of the Brassicaceae
Lepidium bidentatum var. o-waihiense was observed to form arbuscules. This observation
was extremely limited with only 2 individuals being examined for associations. However,
given the high degree of isolation in which the species is found the observation represents
a valuable data point.
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1.4.7. Lepidium didymum L. and Sisymbium irio L.
Lepidium didymum (syn: Coronopus didymus) and Sisymbium irio were collected
from the botanical garden of the University of Delhi and assessed at 15-day intervals for
mycorrhizal association. In L. didymium numerous mycorrhizal structures were observed
including appressoria, “S”-shaped and coiled internal hyphae, vesicles, and arbuscules
that filled most of the cells. Sisymbium irio, however, showed widespread hyphae, and
vesicles but only a few arbuscules in “1-2 cells of the host plant” (Kapoor et al., 1996).

1.4.8. Lobularia maritima (L.) Desv. and Lunaria annua L.
In a survey conducted in both Pennsylvania and California three replicates each of
25 members of the Brassicaceae were collected from the field and observed
microscopically. Lobularia maritima and Lunaria annua were found to be mycorrhizal in
this survey. The association was characterized by arbuscules which the authors described
as sparse and restricted to the innermost layer of the cortical parenchyma (Medve, 1983).
The authors also mention the presence of vesicles which they also describe as sparse in L.
maritima but not in L. annua.

1.4.9. Thlaspi praecox Wulf., Thlaspi caerulescens J. & C. Presl, and Thlaspi montanum
L.
A variety of habitats were surveyed by Regvar et al., (2003) across Austria,
Germany, Italy, and Slovenia. Meadow species of Thlaspi varied in presence or absence
of arbuscule formation and, in the case of presence, abundance between individual and

10

site. The arbuscules found to form in T. praecox, T. caerulescens, and T. montanum were
from the Glomus intraradices complex and, interestingly, showed variation between
Thlaspi spp. individuals. Further, although the sequences of G. intraradices nested within
G. intraradices in phylogenetic analysis they diverged significantly from each other as
well as from databank sequences (Regvar et al., 2003). This phylogenetic divergence
would seem to suggest that members of the Brassicaceae may play a role in hosting
unique populations of mycorrhizal fungi.

1.4.10. Unclear Cases Lacking Some Structures Necessary to Form “Functional
Symbioses”
Numerous other species in the Brassicaceae have also been surveyed for
mycorrhizal fungal colonization and found not to form associations with AMF. In
examining the record of mycorrhizal associations that appear in the Brassicaceae we
referred to Soudzilovskaia et al., (2020) for definitions and nomenclature. Arbuscular
mycorrhizal associations require the presence of arbuscules coils or pelotons (Brundrett,
2009; Brundrett and Tedersoo, 2018). Given the recent supposition in Bueno et al.,
(2019), however, that arbuscules may not be required for a functional symbiosis and that
other fungal structures, and vesicles in particular, may be indicative of an association we
also included cases in this review in which details were incomplete, or several other
fungal structures were present. Finally, we consider, given the abundance of diverging
cases of mycorrhizal association outlined above, the possibility that some species in the
Brassicaceae may be facultatively mycorrhizal plants developing associations in some
conditions, but remaining non-mycorrhizal in other conditions (Brundrett, 2017).
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Often there are instances of AMF being found in the roots of non-mycorrhizal host plants
without the arbuscule formation necessary for a functional symbiosis. In a survey
conducted in the field, one group dismissed potential evidence of mycorrhizal association
within the Brassicaceae, seemingly for no other reason than its traditionally nonmycorrhizal status despite “…irregular,… hyphal penetration in roots of [Draba] lactea,
D. corymbosa, and [Erysimum] pallasii…” which they referred to as “presumably nonmycorrhizal” without any further explanation (Kohn and Stasovski, 1990). Pringlea
antiscorbutica from a sub-Antarctic island in a separate study was found to associate with
arbuscular mycorrhizal fungi without forming arbuscules (Frenot et al., 2005). Several
species including Draba aureae, D. nivalis, and E. nivalis were found on the Front Range
of Colorado with some arbuscular mycorrhizal hyphae and vesicles, but again lacking
arbuscules (Schmidt et al., 2008). The most thorough survey to our knowledge found that
of 646 species examined in the greenhouse 18.9% showed some degree of association
with arbuscular mycorrhizal fungi although none formed functioning arbuscules (DeMars
and Boerner, 1996). The authors theorize that the lack of functional arbuscules may
indicate that these are not associations but rather arbuscular mycorrhizal fungi
parasitizing senescing roots. This would seem to be supported by the disagreements,
within this same paper, between observations in the greenhouse and citations of earlier
literature. DeMars (1996) makes a similar assertion when postulating the reason for the
mycorrhizal fungi found in association with Cardamine concatenate at one site in one
year but not in other sites or in other years.
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1.5. Molecular evidence of AM fungal colonization in the Brassicaceae
While DNA sequencing alone does not provide definitive evidence of a functional
symbiosis (Soudizlovskaia et al., 2020), several studies have sequenced AMF 18S genes
from roots of species within Brassicaceae. A search of GenBank (updated 06/15/2020)
revealed 89 AMF DNA sequences from five studies in Asia and Europe (Supplemental
Table 1). AMF DNA from 41 virtual taxonomic units (Opik et al., 2010) and three AMF
families, was isolated from five plant species (Arabis hirsuta, Cardamine bulbifera,
Thlaspi arvense, T. caerulescens, and T. praecox; Figure 1.1).

Figure 1.1. Virtual Taxa are shown by A) specificity of associate in the Brassicaceae as
well as B) in a phylogram with associate indicated on the right-hand side. For phylogram,
reference sequences were downloaded from MAARJAM database and phylogram was
constructed using phylogeny.fr. Sequencing depth may have varied among the plant taxa
studied.
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1.5.1. Phylogenetic analyses of the Brassicaceae
The evolutionary relationships between Brassicacaeous species have only become
more resolved in the past few years. Extensive phylogenetic studies conducted by Huang
et al., (2015), Guo et al., (2017), and Edger et al., (2018), which are based on previous
work by Al-Shebaz et al., (2006), Franzke et al., (2011) and others, have elucidated
important insights into this plant group; including as a series of six distinct clades (A-E)
that organize the Brassicaceae. Furthermore, the improvements in these phylogenies
compared to previous research is based on the greater accessibility of both genomic and
transcriptomic data, and advances in sequencing techniques. However, to our knowledge,
there is only one study to date that specifically uses phylogenetics to investigate the
evolution of mycorrhizal associations with members of the Brassicaceae.
A study conducted by Delaux et al., (2014) investigated the evolution of arbuscular
mycorrhizal fungi for host genomes within several species of the Brassicaceae and found
that the loss of genes associated with symbiosis may be responsible for the non-host
status of many species in the Brassicales. This study by Delaux et al., (2014) is unique in
that it sets the foundation for further investigation into these complex evolutionary
relationships; but it does not include many of the species we have cited as forming
mycorrhizal associations or arbuscules. As the genomic resources on which the analyses
in Delaux et al., (2014) were based continue to develop, we expect to see more clarity on
why a family in which mycorrhizal associations have been observed does not appear to
have the genes necessary for symbiosis. An example of using these genomic resources to
fully explore the permeation of mycorrhizal-Brassicaceae interactions includes
continuing to identify instances of association (Supplemental Figure 1). These reasons
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were broached in Cosme et al., (2018) as including which symbiotic genes are lost in
non-host plants and conversely to Cosme et al., (2018), which genes remain in host plants
as well as where redundant mechanisms exist that support arbuscular mycorrhizal
colonization.
Of those species in Clade B (Huang et al., 2015; Guo et al., 2017), several
members form mycorrhizal associations. All 3 Draba species represented and 2 of the
Thlaspi species discussed earlier form mycorrhizal associations. This necessitates the
question as to whether certain genera are more likely to form mycorrhizal associations.
This is likely a complex question as we observe associations for some species in the same
genus (e.g., Lepidium bonariense) but not others (Lepidium latifolium) as well as an area
of interest for future surveys seeking to better define the extent of association in the
Brassicaceae.
Another important component to consider that we were not able to do here, is to
compare the evolutionary rates of these species that make mycorrhizal associations. This
would improve our comprehension as to how fast or slow certain genera may have lost
the ability to form AMF as discussed in Delaux et al., (2014), in addition exploring
species that associate with mycorrhizal fungi and/or the biases created from phylogenies
due to limitations of available sequences.

1.6. Areas of future research
Several different definitions are used in the literature to denote the presence or
absence of an arbuscular mycorrhizal association. Most surveys we used, at a minimum,
specified the structures present as hyphal, coils, vesicles, and arbuscules (Medve, 1983;
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Kapoor et al., 1996; Orlowska et al., 2002). Some surveys were more restrictive, either
describing the mycorrhizal development as low, medium, high (Saif and Iffat, 1976) or
only listing percent colonization (Akhmetzhanova et al., 2012). In addition, changing
definitions of arbuscular mycorrhizal association are abundant with some researchers
characterizing an association as rudimentary, when arbuscules are present in low
concentration (Cosme et al., 2018), while other authors present these cases as nonfunctional, without further elaboration, and therefore non-mycorrhizal (Brundrett and
Tendersoo, 2019). Likewise, presence and absence of mycorrhizal association between
individual species are abundant (i.e. Chorispora tenella and Descurania pinnata) (Reeves
et al., 1979; DeMars and Boerner, 1996). Investigation into the exchange of nutrients
between AMF and plant hosts is necessary to clarify these inconsistencies.
We posit that rather than any individual mechanism being responsible for placement of a
specific case along the parasitism/mutualism spectrum various mechanisms likely
contribute to individual cases including genes/orthologs (Delaux et al., 2014; Cosme et
al., 2018), glucosinolate profiles (Vale et al., 2015; Anthony et al., 2020), and site x
species interactions (Reeves et al., 1979; DeMars and Boerner, 1996). A thorough survey
of the Brassicaceae for mycorrhizal associations, including sampling species across
numerous habitats and examining members that persist in extreme environments may
help address several additional questions as we note below.

1.6.1 Intraspecific Variations Provide Resistance to Definitive Classification of
Mycorrhizal Status
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As mentioned earlier, glucosinolates and products of glucosinolates produced
through degradation, which are specific to members of the Brassicaceae, have been
shown to have anti-microbial effects (Walker et al., 1937; Klopping and van der Kerk,
1951; Bradsher et al., 1958). Due to the influence these compounds have on fungal
growth the cycle of production within individual plants may be an important factor in
determining the reason for variable reports of mycorrhizal association. In an examination
of phenolic profile, organic acid profile, and antimicrobial activity of four different
varieties of sprouts belonging to B. oleraceae (broccoli, Portuguese Galega, Portuguese
Tronchuda cabbage, red cabbage) in different light treatments and over time Vale et al.,
(2015) found that chemical profiles and antimicrobial activity varied. Even within
different cultivars of the same crop, variations in root glucosinolate profile were found to
occur in B. oleracea var. capitata (Kabouw et al., 2009).
In addition to variations in glucosinolate profiles and levels between species or
cultivars, glucosinolates can also vary over time. Pongrac et al., (2008) found that in
Thlaspi praecox, a mycorrhizal, heavy metal accumulating plant, the highest levels of
glucosinolates were found in the roots during the vegetative, flowering induction, and
senesce phase. In T. praecox peaks in mycorrhizal colonization frequency, global
intensity, and intensity of colonized fragments peaked in the flowering phase (Pongrac et
al., 2008). Meanwhile, concentrations of Cd, Zn, Pb, Fe also increase during flowering
phase (Pongrac et al., 2007). Levels of Cd in rosette leaves during seeding indicate that
this element is highly mobile to reproductive tissue (Pongrac et al., 2007). This variation
in phytochemical profile among species, among cultivars, and even among individuals
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over time may be an additional variable responsible for the inconsistencies in reports of
colonization of members of the Brassicaceae by mycorrhizal fungi.

1.6.2 Elucidating the role of m-factors in the Brasscicaceae
Contrary to the ideas central to the hypotheses presented by Glenn et al., (1988)
and Schreiner and Koide, (1993) a study by Zeng et al., (2003) observed that far from
just producing secondary metabolites with allelopathic affects, the Brassicaceae,
especially Brassica, has members that produce compounds which act as “M-factors.” Mfactor was first used to describe root exudates from trees that when added to agar
increased the rate of growth in usually slow growing ectomycorrhizal fungi in pure
culture (Melin, 1954; Satyanarayana et al., 1996). Here isothiocyanates, and
“isothiocyanate related compounds,” were hypothesized to be the mechanism responsible
for stimulating the growth of the mycorrhizal fungi Paxillus involutus. In addition,
several species also stimulated growth in another mycorrhizal fungi Pisolithus tinctorius
(Zeng et al., 2003). Members of the Brassicaceae produce a variety of other secondary
metabolites as well—or compounds which have been observed not to be necessary for
plant survival but enhance performance survival in the environment (Kliebenstein 2004).

1.6.3. Mycorrhizal Association Can Vary Between Site and Over Time
The investigation by Regvar et al., (2003) was conducted over a wide geographic
area and is particularly valuable for determining if mycorrhizal association may be a
variable trait due to the inconsistency in association found. Related to the presence and
density of mycorrhizal associations recorded was the unique member of Glomus found
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(Regvar et al., 2003). In addition, the tendency of the Brassicaceae to form associations
with mycorrhizal fungi, without forming mutualisms with those fungi may mean
individual members of the Brassicaceae act as an “oasis” on a micro-spatial scale;
providing a habitat without facilitating a relationship. The non-symbiotic association may
be more ecologically significant in locations that are sparser and more inhospitable.
An example of extreme isolation in possibly playing a role in the association between a
member of the Brassicaceae and arbuscular mycorrhizal fungi may be evident in the
Hawaiian endemic observed by Koske et al., (1992). The status of the Hawaiian Islands
as the “most remote major archipelago on earth” justifies the questioning of whether
similar associations may be found in similar conditions. An additional case of
mycorrhizal association that may have arisen as a result of the occupation of an
inhospitable environment was the colonization of B. compestris and S. loeselii in the
Kashmir Himalaya (Shah et al., 2009). Surveys conducted in Soviet Russia have recently
been made available that show an additional genus that consistently associates with
mycorrhizal fungi. Across mountain, desert, arctic tundra, and taiga regions Lunaria
dolichoceras, L. peducellata, and L. vulgaris showed strong to moderate colonization by
mycorrhizal fungi (Akhmetzhanova et al., 2012). However, due to the age of the surveys,
conducted from 1957–1975 and published sometime later, the extent of the association is
unclear. Of these species found to associate with mycorrhizal fungi in the field only S.
loeselii was examined by DeMars and Boerner (1996) and it was found not to associate
with mycorrhizal fungi in the greenhouse.
The inconsistencies that are evident in the literature, in particular, between
DeMars and Boerner (1996) and later field surveys indicate that just as association may
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vary among species over time, as levels of glucosinolates vary, it is also feasible that
selection for interaction with mycorrhizal fungi may occur at the site level as well. This
would result in a species forming mycorrhizal associations in one site but not another.
1.7. Conclusion
A thorough review of the literature shows an ecologically diverse group of
members of the Brassicaceae that have structures present which are consistent with
functional AMF association. This association was present across literature and DNA
databases. There are some inconsistencies in research and terminology that might account
for this discrepancy. The definition of AMF association has been interpreted in different
research as including different structures and intensities. Recent research has proposed
that vesicles could be indicative of a functional symbiosis or that members of the
Brassicaceae may be facultative. The lack of toolkit genes has been put forth as a
potential mechanism to explain the historical classification of the Brassicaceae as nonmycorrhizal. Additional genomics resources would be beneficial in identifying a
molecular mechanism to cases of association in mycorrhizal species. A more
comprehensive survey of this family for mycorrhizal association could answer a few
remaining questions about the mechanisms and reasons for low AMF association in this
family.
We formulated several research questions that may help to direct future avenues
of investigation related to the role an individual species ecology plays in forming
rudimentary or non-mycorrhizal associations. (1) How will climate change alter
interactions between members of the Brassicaceae and AM fungi in novel environments
as habitats shift upward in elevation and latitude? As climate change continues to
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introduce novel ecological interactions it is important to determine if any generalizations
are available. (2) What molecular or physiological variations determine colonization
potential for different groups of microbes, and can we use these species’ physiology to
address issues such as finding ideal plant fungal phytoremediation systems? The addition
of whole genome sequences to the scientific record will be invaluable in determining
where polymorphisms occur and what effect, if any, they have. (3) Are some invasive
members of the Brassicaceae more damaging or pernicious on surrounding AM fungi
than others and should there be priorities for treatment based on species or species x site
interactions? In an increasingly globalized world, plant invasions will continue to strain
limited resources allocated to land management and stewardship.
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CHAPTER 2
EFFECTS OF AN INTRODUCED MUSTARD, THLASPI ARVENSE, ON SOIL
FUNGAL COMMUNITIES IN SUBALPINE MEADOW

2.1. Abstract
The subalpine meadows of the Rocky Mountains, USA, are at the advancing front
of global change; however, little is known about the sensitivities of high-elevation soil
fungal communities to ongoing ecological changes. Soil fungi are sensitive to abiotic and
biotic environmental stressors, including climate change, soil disturbance, and the
presence of introduced, non-native plants. Invasive plants in the Brassicaceae (mustard
family) are known to alter fungal community structure, suppress arbuscular mycorrhizal
fungi, and change their relationship with native plant hosts in forest ecosystems, but these
phenomena have not been studied in the subalpine zone where non-native mustard plants
are becoming established. Here, we investigated whether the presence of the introduced
mustard plant, Thlaspi arvense, is associated with distinct properties of the whole fungal
and arbuscular mycorrhizal fungal communities in subalpine meadow ecosystems. We
observed clear differences in the composition, relative abundance of core taxa, and mean
taxon relatedness of soil fungal communities in plots with T. arvense relative to those
with only native vegetation. A suite of novel fungi were associated with T. arvense, and
overall patterns of AMF phylogenetic diversity were drastically reduced in association
with its presence. Our results suggest that T. arvense introduction impacts the soil fungal
community, with potential implications for native plant communities and soil nutrient
cycling in high elevation meadows of the Rocky Mountains.
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2.2. Introduction
Mountain ecosystems are home to unique biota as well as elevationally extreme
populations of more widespread species (Marshall et al. 2011; Nakajima et al. 2014;
Chmura et al. 2016; Donhauser and Frey 2018) and encompass relatively pristine
subalpine communities that have historically escaped plant invasion (Averett et al. 2016).
However, climate change and soil disturbance related to anthropogenic activity, in
conjunction with the introduction of non-native plants, are increasingly threatening native
biodiversity at high elevations (Pauchard et al. 2009).
Non-native plant species are known to alter soil fungal communities in North
American forest ecosystems (e.g., Stinson et al. 2006; Wolfe et al. 2008; Anthony et al.
2017), and by extension can impact native plant communities (Alexander et al. 2016;
Petitpierre et al. 2016), but this phenomenon has not been studied in subalpine meadow
ecosystems. The impacts of non-native plant introduction on soil fungi could alter
physical conditions in subalpine ecosystems and their native flora since soil microbial
communities play a major role in the soil development and biogeochemical cycles
governing plant establishment and distribution (Kivlin et al. 2013; Rudgers et al. 2014;
Donhauser and Frey 2018).
The Eurasian wild mustard plant, Thlaspi arvense L. (field pennycress), is a
widespread member of the Brassicaceae (mustard family), that is prevalent in disturbed
sites across North America (Best and Mcintyre 1975). Increasingly, it is found in
subalpine meadows where it has become more abundant in the last few decades (Chew
1975; Nakajima et al. 2013). The Brassicaceae family is comprised of largely nonmycorrhizal species that produce glucosinolates, a class of secondary compounds toxic to
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mycorrhizal fungi (Fahey et al. 2001; Roberts & Anderson 2001). Thlaspi arvense
produces the glucosinolate sinigrin (Best and Mcintyre 1975; Chew 1977), which is
known to disrupt native plant-mycorrhizal associations in forests of Northeastern North
America, when exuded by its invasive relative Alliaria petiolata (Renwick & Lopez
1999). While A. petiolata markedly transforms forest fungal communities (Anthony et al.
2017) and has particularly strong impacts on the composition and abundances of
arbuscular mycorrhizal fungi (AMF; Barto et al. 2011), the effects of T. arvense on
subalpine soil fungi is unknown. Moreover, which fungal taxa inhabit subalpine meadow
ecosystems is poorly understood (Sundqvist et al. 2013; Siles and Margesin 2016;
Hendershot et al. 2017) in comparison to that of other ecosystems (Freeman et al. 2009;
Schmidt et al. 2012; Liu et al. 2015), which constrains our ability to predict responses of
soil fungal communities to biological invasion in these unique landscapes.
The central aim of our study was to address the over-arching hypothesis that
the non-native plant, Thlaspi arvense, alters the soil fungal community in subalpine
meadows. Specifically, our objectives were to:
1. Test whether patches of meadow with T. arvense differ from those with normal
vegetation in the overall composition of AMF and whole fungal communities.
2. Identify potential “indicator taxa” in the AMF and whole fungal communities
that are either positively or negatively associated with T. arvense.
3. Compare the biodiversity of soil fungal taxa in patches with and without T.
arvense.
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2.3. Materials and Methods
2.3.1. Site Description
We examined the soil fungal communities in a subalpine meadow ecosystem
located in proximity to the Rocky Mountain Biological Laboratory (RMBL; 38’57 °N,
106’59°W; approximately 2900 m), Colorado, USA. This area consists of typical native
subalpine vegetation dominated by forbs such as Potentilla pulcherima, Potentilla
hippiana, Delphinium barbeyi, Delphinium nelsonii, Lupinus sericeaus and Helianthella
quinquenervis, along with grasses such as Festuca thurberii (See CaraDonna and Inouye
2015). We established 54 0.25 m2 study plots in six subalpine meadows where Thlaspi
arvense was determined to be present, spanning about 400 m of elevation from ~25002900 m (T. arvense presence or absence was determined over the course of 20 minutes of
searching). Thlaspi arvense was distributed in patches across the study sites (average
density of 140.45 plants m-2). Many T. arvense patches were associated with disturbances
by animal (e.g., gopher, livestock) and human activities (e.g. hiking paths, recreational
vehicle trails). We thus established 9 replicate 0.25 m2 study plots (n = 3) in each
meadow, separated by 2-5 m across three vegetation types/plot status: non-disturbed with
dominant native vegetation (native; “Nveg”), disturbed due to animal or human activity
without T. arvense present (disturbed; “D”), and disturbed plots with T. arvense present
(invaded; “DTh”). In total, there were 54 plots (6 sites × 3 plot status × 3 replicates = 54
plots).
2.3.2. Vegetation Survey
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Because plant species composition can sometimes affect the composition of soil
fungal communities, we also conducted a vegetation survey at each plot. We recorded all
present vegetation and counted the number of individuals per species at each plot. Field
specimens were collected in the field and pressed as needed for identification. Identities
were determined using a variety of online and printed field guides, with Weber &
Wittmann (2012) as the final authority for nomenclature.
2.3.3. Soil sampling and processing
Soil samples were collected using a cylindrical corer (2 cm width × 10 cm depth).
Nine samples were taken from each plot using a grid-design (8.3 cm apart) and were
pooled together and homogenized into a single sample. Samples were kept on ice until
returned to the laboratory where they were stored at 4°C. Within 48 hours, samples were
sieved (<2 mm) to remove roots, rocks, and organic debris. Subsamples for molecular
analysis were taken from the sieved soil and stored at -80°C. Soil pH and soil nutrient
contents were determined on frozen samples stored at -10°C at the University of
Massachusetts Soil and Plant Nutrient Testing facility (https://ag.umass.edu/services/soilplant-nutrient-testing-laboratory).
2.3.4. Fungal community characterization
Total fungal and AMF community structure were assessed using ITS2 and 18S
DNA metabarcoding, respectively. DNA was extracted from soil (250 mg) using the
Qiagen DNAeasy kit (Qiagen, Hilden, Germany). The ITS2 region was amplified using
the primer combination fITS7-ITS4 (Ihrmark et al. 2012; White et al. 1990) to
characterize the whole fungal community, and the 18S region was amplified using the
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primer combinations NS31-AML2 (Simon et al. 1992; Lee et al. 2008) to characterize
fungi within the Glomeromycotina (AMF). Hereafter, we refer to fungi identified by ITS2
as ‘fungi’ and by 18S as ‘AMF’. PCR reactions, clean-up, and library preparation were
conducted as described by Anthony et al. (2020). Libraries were sequenced on a MiSeq
v2 (2 x 250 base pair chemistry) run and a MiSeq v3 (2 x 300 base pair chemistry) run
for ITS2 and 18S, respectively.
2.3.5. Sequences processing, clustering, and taxonomic assignment
First, we removed low quality reads (Median quality score < 38 and 37 for 18S
and ITS2, respectively), truncated single-end reads to 250 and 210 base pairs for 18S and
ITS2 reads, respectively; and joined paired-end forward and reverse reads using QIIME2
2018.11 and established QIIME2 protocol for quality control (Bolyen et al. 2018). We
extracted target ITS2 reads from the 18S and 5.8S flanking regions (not 18S reads due to
QIIME2 recommendations), and clustered operational taxonomic units (OTUs) using
Deblur2 (Amir et al. 2017). All samples were rarified to the lowest sequencing depth
using Deblur2. Sequences were clustered into OTUs using classifiers trained on the
dynamically clustered UNITE fungal ITS database (Kõljalg et al. 2020) for the whole
fungal community (accessed June 2018) and using the MaarjAM database (Öpik et al.
2010) for AMF. In addition, we performed BLAST searches on the top 100 most
abundant OTUs that did not receive an assignment from the ITS2 targeted region -representing 58.9 % of the total reads -- using the LCA algorithm in MEGAN6 (Huson et
al. 2016). We removed singletons using base R. In total, there were 728 and 532 OTUs
clustered in the ITS2 and 18S analyses, respectively. Whole fungal community
composition was reported at the class level and Arbuscular mycorrhizal community
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composition was reported at the order level, according to available reference databases.
Taxonomic bar plots were constructed for sequences obtained to visualize differences in
the relative abundances of taxa across the different types of plot status. We rarefied
samples at 138 and 136 for ITS and 18s, respectively in order to retain the maximum
number of samples included in the analysis.
2.3.6. Statistical analysis
We conducted all analyses in R 4.0.2, unless otherwise noted.
To determine whether fungal community composition in soils where T. arvense is
present differs from fungal community composition where it is absent, we used nonmetric multidimensional scaling (NMDS) and PERMANOVA. In addition to fungal
communities, we applied these analyses to edaphic variables and vegetation as well. We
used the metaMDS function to visualize variation in the whole fungal and AMF
communities (Bray-Curtis dissimilarity). To test for differences across the plot status
categories, we ran PERMANOVA through the ‘adonis’ function in vegan (999
permutations), with plot status as the main effect, nested within site. Although the plant
communities were similar at each study location, we chose a nested model to test for
differences among patches with different vegetation status categories (native vegetation,
disturbance without T. arvense, and disturbance with T. arvense), while accounting for
potential environmental heterogeneity across the six study sites.
We used an indicator species analysis to determine which whole fungal
community and AMF OTUs may be positively or negatively associated with T. arvense.
Indicator species analysis was performed using the indicspecies package (De Caceres and
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Legendre 2009) with plot status as the main effect and the frequency of each OTU as the
response variable. Separate indicator species analyses were performed for the whole
fungal community and for AMF.
To determine if biodiversity of soil fungal taxa varied with T. arvense presence,
we quantified phylogenetic signal in AMF communities through community phylogenetic
signal analysis. Phylogenetic signal was assessed using the picante package to determine
whether the distribution of AMF was more or less phylogenetically related than would be
expected by chance across plot status. This analysis was constrained to the AMF
community since 18S sequences are phylogenetically conserved whereas ITS2 reads are
not useful for this type of analysis (Stockinger et al. 2010). Following Egan et al. (2017)
for tree construction and phylogenetic signal analysis, we mid rooted 18S phylogenetic
trees using default functions in the picante package and assessed phylogenetic signal
using independent swaps for null model simulations after 999 permutations. We
computed standardized effect sizes (SES) as XObserved – mean(XNull)/ SD(XNull). Positive
SES values indicate a higher level of phylogenetic clustering than would be expected by
chance and negative SES values indicate a lower level of phylogenetic clustering than
would be expected by chance. SES of mean phylogenetic distance (MPD) and SES of
mean nearest-taxon distance (MNTD) was computed (Kembel et al. 2010). We tested for
effects of plot status on SES values using a nested ANOVA model with plot status as the
main effect, nested in site, specifying the SES values as the response variable. We also
compared models to determine which variables explained the most variation within MPD
and MNTD data sets.
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To account for potential effects of local edaphic and vegetation conditions, we
used ENVIFIT with 999 permutations to determine whether the NMDS coordinates for
AMF and whole fungal communities were correlated with specific soil nutrients and
specific plant species.
2.4. Results
2.4.1. Effects of Thlaspi arvense on fungal community composition
Fungal community composition varied by plot status nested by site for AMF (p =
0.014) but not the whole fungal community (p = 0.113), and there was a significant effect
of site in both models (Table 2.1, Figure 2.1). The taxonomic structure of the AMF
community also varied by plot status. For AMF, the families Aculosporaceae and
Glomeraceae had higher relative abundances in disturbed and invaded vegetation types
relative to intact native vegetation (Figure 2.2). One unidentified family in the
Glomerales had lower relative abundance in the invaded plots than in plots with the other
vegetation types. Taxonomic structure did not vary by vegetation type for the whole
fungal community.
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Table 2.1. PERMANOVA for variables at 999 permutations across whole fungal
community and arbuscular mycorrhizal fungi communities. Variables that were significant
at α =0.05 are presented as bolded.
Whole Fungal Community

Vegetation Status nested by Site

F-value

R2

P-value

0.987

0.042

0.113

Arbuscular Mycorrhizal Fungi Community

Vegetation Status nested by Site

F-value

R2

P-value

1.279

0.048

0.014
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Figure 2.1. Fungal communities are represented by Bray-Curtis distribution across sites.
Points represent centroids and error bars represent standard error. Soil nutrient vectors
were included in both NMDS plots using 999 permutations. A) Whole fungal community
B) Arbuscular mycorrhizal fungal community.
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Figure 2.2. Taxonomic bar plots were constructed for sequences obtained. A) Whole
fungal community composition was reported at the class level to visualize differences
between diversity between vegetation status. B) Arbuscular mycorrhizal community
composition was reported at the order level in order to add context within the existing body
of published research and are shown here divided by vegetation status.
2.4.2. Positive and negative whole fungal and AMF species (OTU) level associations with
T. arvense
A suite of fungal OTUs were significant indicator species of native and disturbed
versus invaded plots (Table 2.2). Not all of the OTUs found to be indicators of specific
plot status had matches in GenBank and as such more research is necessary to determine
the implications of these OTUs. Seven OTUs were associated with native vegetation
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sites, with an unidentified Glomus sp. being most indicative. Twice as many taxa were
significant indicators of the disturbed sites, with an unidentified Leotiomyctes and
Mortierella spp being most indicative. Seven more OTUs were associated with disturbed
and T. arvense plots, with an uncultured Glomeraceae being most representative. Several
of these OTUs were indicators of more than one plot status, but there was no overlap
between the indicators found across native vegetation and disturbed with T. arvense
present plots, which suggests that these plots are the most dissimilar.
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Table 2.2. Both whole fungal community and arbuscular mycorrhizal fungal community were subjected to an indicator species analysis.
OTUs that were indicated to be significant at α =0.05 in a specific treatment were manually identified to the closest genus level match
in BLAST. Relative abundance of OTU and indicator species analysis statistic are presented alongside identity.
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2.4.3. Phylogenetic signal in AMF communities with and without T. arvense
AMF communities in the plots with T. arvense were more phylogenetically
disparate than communities in the native vegetation plots (Figure 2.3). Across plot status,
SES MPD (p=0.02) and SES MNTD (p=0.007) were different. Models with plot status
and site explained about a quarter of the variation in SES MPD (F(8,48)=3.29, p=0.004,
r2=0.25) and SES MNTD (F(8,48)=3.363, p=0.004, r2=0.25) and significantly varied from
null models (p=0.018 and p=0.032, respectively).

Figure 2.3. Arbuscular mycorrhizal communities were analyzed through phylogenetic
signal analysis. Standard effect sizes (SES) are presented for A) mean phylogenetic
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distance (MPD) between treatments and B) mean nearest taxon distance (MNTD) for
sequences amplified from the 18s region. Analysis of variance is presented for
differences among treatments in SES MPD and SES MNTD, respectively. Significant
differences determined at α=0.05 level are represented by tukey variables.
2.4.4. Edaphic features and fungal communities
Edaphic features did not vary by plot status nested by site (Supplemental Table
2.1; Supplemental Figure 2.1). Several edaphic features were significantly correlated with
both whole fungal community and AMF community composition in the vector analysis
(Supplemental Table 2.2). Of the edaphic features included in this analysis, soil pH
(r2=0.59, p=0.001), exchangeable acidity (Ea) (r2=0.52, p=0.001), and sulfur (S) (r2=0.46,
p=0.001) were most highly correlated with whole fungal community composition.
Arbuscular mycorrhizal community composition was associated with cation exchange
capacity (CEC) (r2=0.52, p=0.001), Mg (r2=0.47, p=0.001), and Ca (r2=0.45, p=0.001).
2.4.5. Relationships between fungal and plant communities
Plant community composition varied by plot status nested by site (Supplemental
Table 2.1; Supplemental Figure 2.1). There were also some associations between plant
species and fungal community composition (Supplemental Table 2.3). In both
communities Bromus sp. (r2=0.14, p=0.030 and r2=0.20, p=0.003, whole fungal and AMF
community, respectively) and an unidentified herbaceous plant species (r2=0.12, p=0.044
and r2=0.12, p=0.036, whole fungal and AMF community, respectively) were
significantly correlated with fungal community composition. In whole fungal
communities, Poa annua (r2=0.45, p=0.001), Cirsum sp. (r2=0.28, p=0.001), Potentilla

48

pulcherrima (r2=0.25, p=0.004), and Phleum pratense (r2=0.16, p=0.004) were also
correlated with fungal community composition. Erigeron sp. (r2=0.14, p=0.009) and an
additional unidentified herbaceous plant (r2=0.09, p=0.038) were correlated with AMF
community composition.
2.5. Discussion
The main goal of our study was to test the hypothesis that the non-native plant,
Thlaspi arvense, alters the soil fungal community in subalpine meadows, given that its
close relative, A. petiolata is known to alter soil biota in North American forest soils
(Anthony et al. 2017). In support of this prediction, we found that patches of subalpine
meadow with T. arvense were distinct in the overall composition of AMF communities,
that there were some specific “indicator taxa” in both the AMF and whole fungal
communities that are either positively or negatively associated with T. arvense, and that
soils with T. arvense present were less phylogenetically clustered in the AMF
community. We also noted some possible contributions of edaphic and vegetation
properties to variation among soil fungal communities and evidence for heterogeneity
among the study sites. Below we discuss our findings in the context of the prior literature
and consider the implications for future invasion by T. arvense into high altitude plant
communities.
2.5.1. Effects of T. arvense on fungal community composition
Soil microbial communities are recognized as playing a major role in soil
development as well as biogeochemical cycles governing plant establishment, with some
fungal associates buffering the effects of temperature and available soil moisture on plant
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associates (Kivlin et al. 2013; Rudgers et al. 2014; Donhauser and Frey 2018). We found
evidence for effects of plot status (i.e., presence of non-native T. arvense) on AMF
community composition, suggesting that T. arvense can influence the composition of the
arbuscular mychorrhizal community and by extension native subalpine plants that rely on
certain AMF partners. Our findings are consistent with prior work showing that another
invasive mustard, A. petiolata, alters AMF and associted plant communities in forest
ecosystems (Stinson et al., 2006; Callaway et al., 2008; Barto et al., 2011; Anthony et al.,
2017). Our work also contributes to a growing body of work suggesting that other
invasive plant taxa affect native plant communities via changes in the soil biota
(Callaway et al. 2004; Trautwig et al. 2016; Řezáčová et al. 2021).
Furthermore, shifts in dominant fungal trophic guilds in response to Brassiceace
invasions which favor free-living decomposer fungi over mycorrhizal taxa is associated
with reductions in soil C contents (Anthony et al. 2017). Therefore, in some sites,
increasing abundances of T. arvense could have a substantial effect on ecosystem
processes.
2.5.2. Positive and negative whole fungal and AMF species (OTU) level associations with
T. arvense
At broad taxonomic levels, we found that the composition of fungal taxonomic
groups varied with T. arvense presence or absence. Several OTUs were identified through
indicator species analysis to vary significantly across plot status and elevation. We found
that 60% of T. arvense-associated indicator species were entirely absent from the native
vegetation plots, providing some insight into which taxa are most sensitive to T. arvense.
Various members of the AMF genus, Glomus, were indicator species of plot status. These
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biotrophic taxa require a host plant, and the presence of Glomus OTUs in each plot type
is not unusual due to the diversity and functional divergence present across this genus
(Simon et al. 1993). Spore germination in some Glomus species is suppressed in the
presence of A. petiolata (Stinson et al. 2006), and both A. petiolata and T. arvense are
considered non-mycorrhizal themselves. One possibility is that T. arvense might suppress
a number of Glomus species only found in association with native vegetation but that
some Glomus species are less sensitive and may even respond positively to new niche
opportunities in the presence of this non-native mustard (Anthony et al. 2020). More
insight into Glomus biology are necessary to definitively state what makes specific OTUs
in the Glomus complex successful in this context.
It is interesting to also note that more OTUs were associated with disturbed plot
status than either native or disturbed with T. arvense, across a range of genera. Previous
work has shown that local taxonomic heterogeneity can increase with small-scale
disturbances (Morris et al. 2007), which may explain why there were more indicator taxa
in the disturbance plots if there are increased opportunities for niche partitioning. Similar
to shifts from a mycorrhizal-dominated to a saprotroph-dominated community in the
presence of invasive A. petiolata (Anthony et al. 2017), the disturbance indicator species
in our study were predominantly saprotrophs and therefore may indicate some differences
between disturbed and undisturrbed sites in local nutrient cycling (Dighton 2007).
2.5.3. Phylogenetic signal in AMF communities with and without T. arvense
Whether and how invasive plants affect the phylogenetic diversity of soil biota
remains relatively under-explored, but prior work suggests some invasions can increase
phylogenetic diversity, possibly due to co-invasions of fungal and plant taxa (Lekberg et
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al. 2013). Co-invasion involving AMF has, similarly, been rarely investigated (Aslani et
al. 2019), however lower levels of phylogenetic relatedness in meadows where T. arvense
is present may indicate subsequent invasions. Here we found that patches where T.
arvense was present had a lower degree of relatedness compared to non-disturbed patches
where the invader is absent. This finding suggests that overall AMF biodiversity could
be shifting away from high-elevation specialists and towards generalists with T. arvense
introductions as fungal communities re-assemble.
2.5.4. Edaphic features, plants, and fungal communities effect site-to-site heterogeneity
Extensive heterogeneity in edaphic conditions and plant communities were
present across sites with strong correlations between fungal community composition and
certain edaphic properties and plant species. These results are consistent with other work
showing strong effects of environmental filtering on fungal communities (Kivlin et al.
2014, Glassman et al. 2015), and were independent of T. arvense presence.
Environmental conditions often vary over short distances in the subalpine zone
(Donhauser and Frey 2018), and many fungi are thought to be locally endemic in these
ecosystems (Noffsinger et al. 2020). Across all sites, soil chemistry variables appeared to
be important filters associated with variation in fungal community composition, as
indicated by the high number of significant edaphic correlations. Several edaphic
variables, including CEC, and Ca and S concentrations, have either general implications
for microbial biomass or specific implications for Thlaspi-microbial interactions (Fahey
et al. 2001; Casazza et al. 2017). Here we show significant variation in the fungal and
plant communities as well as edaphic variables and plant species associated with fungal
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communities, which suggests that there may be landscape-scale effects of plant invasion
even across a heterogeneous environment like the subalpine zone.
2.6. Conclusion
As a result of environmental changes and the introduction of non-native species
around the globe, novel ecological interactions are occurring among organisms that have
not historically co-existed (Pauchard et al. 2009; Averett et al. 2016), especially in the
more pristine habitats of subalpine meadows. These new interactions raise many
ecological questions, including whether and how native species re-assemble after
invasion. Our research addresses invasive plants and their effects on native fungal
communities of North American subalpine meadows. We found that the widespread
introduced plant, Thlaspi arvense significantly altered AMF communities in spite of
significant heterogeneity in AMF and the whole fungal community across sites. Several
fungal indicator OTUs were found to be associated with different plot status and may
represent key components of community construction in the presence and absence of T.
arvense. In addition, the presence of T. arvense resulted in lower levels of phylogenetic
diversity than would have been expected in AMF communities, suggesting a shift from a
more diverse community comprised of various specialist taxa to a more homogenous one
comprised of generalists. The shifts in fungal community composition and diversity in
the presence of T. arvense are likely responses to the unique phytochemistry in this nonnative mustard plant, as has been shown for invasive relatives in other ecosystems
(Stinson et al. 2006). As such, our work supports a growing body of literature on the
importance of “novel weapons” by which some invasive plants disrupt native soil biota,
with implications for plant community and soil nutrient cycling dynamics. Overall, we
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provide evidence that early detection and rapid response to increasing abundances of T.
arvense may be warranted in the subalpine zone.
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CHAPTER 3
INTRASPECIFIC VARIATION IN RESPONSES OF A MONTANE GRASS,
FESTUCA THURBERI, TO SIMULATED BIOLOGICAL INVASION

3.1. Abstract
High elevation plant populations, such as those found in sub-alpine meadows, are
at the forefront of climate change and likely to experience novel interactions with
migrating plants from lower elevations, including non-native species. Some of these nonnative plants, particularly members of the Brassicaceae, produce secondary metabolites
that have been shown to inhibit root fungi in other ecosystems. We conducted a split-plot
design growth experiment with plant leachates in order to evaluate the degree to which
future novel interactions with the non-native mustard, Thlaspi arvense, would affect the
dominant high elevation grass species, Festuca thurberi, relative to a native mustard
(Noccaea fendleri). We assessed growth, photosynthesis, biomass, mortality, and
mycorrhizal association in F. thurberi exposed to leachates from native and non-native
mustards as well as F. thurberi leachate and a DI water control. New growth and
mortality varied more by individual genotype than by treatment. Treatment had a
significant effect on photosynthetic ability, with N. fendleri treatments demonstrating
higher relative greenness levels than control treatments—and some genotypes also
varying in relative greenness levels. Different components of arbuscular mycorrhizal
fungi association responded to either treatment (percent of fine roots with arbuscules
present) or individual genotype (percent of fine roots with dark septate endophytes [DSE]
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present). Performance of this dominant species showed intraspecific variation in response
to the presence of an expanding, non-native plant.
3.2. Introduction
Plant invasions have, historically, been less common in high elevation
communities due to the harsh climate and low human population densities, relative to low
elevation ecosystems (Pauchard et al. 2009). However, over the next 100 years,
temperatures in the Rocky Mountains may change by as much as 5.5 °C (Funk et al.
2014). Several studies tracking plant range over elevation have found upward shifts in
range over time (Kelly and Goulden 2008; Kopp and Cleland 2014; Savage and Vellend
2015) with species’ mean elevation shifting upwards in our study area, the Gunnison
basin (Zorio et al. 2016). Longer stretches of time between early summer snow melt and
summer monsoons may result in extended periods of drought-like conditions (Sloat et al.
2015). Using elevation-for-time substitutions, Wasserman et al. (2012) found a consistent
relationship between increases in temperature and change in elevation. In addition, using
data from direct manipulation studies some researchers have theorized that vegetative
communities could shift under future climate conditions (Harte et al. 2015). The
combined effects of shifts in temperature, snowmelt, and precipitation are likely to
impact plant community composition in the Rocky Mountains. Given these trends in
plant range expansion over elevation, research must incorporate the effects of lowland
invasive and introduced plants on high-elevation naïve ecosystem archetypes to
determine what effects, if any, these novel interactions are likely to produce.
Festuca thurberi is a dominant perennial, high-elevation grass typically found in
dense stands in subalpine meadows (Moir 1967). In the southwestern United States, it is
64

endemic from Utah to Colorado and Wyoming to New Mexico and Arizona (Smith
2019). In experiments investigating the potential effects of climate change on highelevation communities, F. thurberi flowering time showed an extended duration of
flowering in response to warmer soil, decreased soil degree-days, and later snowmelt date
in contrast to all other plants observed (Dunne et al. 2003). This observation indicates
that in future climate change scenarios F. thurberi is likely to become, if anything, an
even more dominant fixture of the sub-alpine meadow landscape with greater likelihoods
of pollination and greater seed set. Festuca are also important reservoirs of fungal
diversity with research finding in a survey of high elevation foliar fungal associates the
highest number of indicator species belong to F. thurberi including, Clonostachys rosea,
a potential beneficial endophyte, as well as Aspergillus niger and Phaeosphaeria caricis,
two taxa with functional ambiguity. Festuca species are typically considered to be highly
mycorrhizal compared to co-occurring species in the Gunnison Basin (Molina et al.
1978).
Members of the Brassicaceae are known to produce a variety of secondary
metabolites that protect against disease and herbivory and may also help facilitate
invasion (Ahuja et al. 2010; Schranz et al. 2011; Brolsma 2014). Thlaspi arvense is a
Eurasian weed that has become widely distributed in the United States and Canada and is
known to readily establish on disturbed soils (Best and McIntyre 1975; Warwick et al.
2002). A close relative of invasive garlic mustard (Alliaria petiolata) this species is
known to produce the alkenyl-glucosinolate, sinigrin (Tolra et al. 2006), which has been
demonstrated to have allelopathic effects (Vaughn and Berhow 1999) and to suppress
plants and their mycorrhizal fungi (Vierheilig and Ocampo 1990; Schreiner and Koide
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1993). Due to the recent encroachment of T. arvense from lower to higher elevations in
the Gunnison Valley and the ecological dominance of F. thurberi at higher elevations, we
examined what the results of this novel interaction may be. We hypothesized that root
compounds associated with T. arvense would suppress fungal association with roots and
lower the growth, survival and biomass of F. thurberi in a potting study.
3.3. Materials and Methods
3.3.1. Experimental Design
Festuca thurberi were grown in a weatherport on site at the Rocky Mountain
Biological Laboratory (N 38.95807°, W 106.98853°; 2889 m). The experiment followed
a split plot design, comparing the effects of leachate from an introduced member of the
Brassicaceae (Thlaspi arvense), a native member of the Brassicaceae that shares a similar
growth pattern (Noccaea fendleri), a self-treatment with additional Festuca thurberi, and
a control treatment (DI water) on plant growth and mortality over time.
Plants were collected at the beginning of the growing season on 6/24/2018 from a
subalpine meadow (~3826 m), separated into clones from individual (genotype), cleaned,
air-dried, weighed and planted into propagation trays within 24-hours. This collection site
was selected due to the absence of the introduced mustard T. arvense and the presence of
N. fendliri. Clones were planted in peat moss mixture, augmented with field soil collected
from beneath mature F. thurberi individuals at a 6:1 ratio, in order to expose clones to
microbial communities associated with F. thurberi. One individual of F. thurberi (N=
276) was grown in each cell of one of 10-38 cell propagation trays in a randomized
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experimental array. Experimental plants were watered with tap for 7 days and allowed to
settle in propagation sheets to avoid stressing transplanted clones.
Treatment plants were also collected at the beginning of the experiment, with
three replicates of three plants transplanted into 5L pots for each treatment. Treatment
plants were collected from a similar elevation to the field station (~2889 m), with the
exception of F. thurberi for which treatment plants were collected from the same site as
experimental plants (~3826 m). Leachate was collected, following design by Hagan et al.
(2013) by running 1.3 L of DI water through a pot until approximately 1 L of leachate
had been collected. Pots were cycled through, in order, with leachate being harvested
from each pot before one was repeated.
Experimental plants were watered every other day or every third day depending
on ambient temperature with treatment leachate, or control DI (depending on
assignment), until liquid started to pool at the surface of individual cells. Plants were
harvested over the course of 5 days, 51 days after transplant into experimental array. Root
sub-samples (5 fine roots) were collected and stored in 70 % ethanol and whole
individual plants were stored in brown paper bags until processing for biomass at the
University of Massachusetts, Amherst.
3.3.2. Data Collection
New growth was assessed across every experimental plant in the array every ten
days starting 10 days after the first leachate treatment was applied (7/10/2018, 7/20/2018,
and 7/30/2018) and marked as either new growth (i.e. new sprouts from the base of the
plant) present (1) or no new growth present (0). Similarly, mortality was evaluated every
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15 days (7/15/2018 and 7/30/2018) and marked as either no above ground green biomass
(1), or above ground green biomass present (0). Relative measure of greenness linked to
chlorophyl content was measured using Spad technology (Spad 502; Minolta) every two
days from 7/10/2018 – 7/20/2018. Only plants that produced new growth since the start
of treatment application as assessed on 7/10/2018 were evaluated for relative greenness.
Once harvested, plants were separated into above ground biomass (shoots and blades)
and belowground biomass (roots).
An arbitrary subset of root samples (n=100) collected at time of harvest were
stored in 70 % ethanol at 4°C until processed. Root samples were analyzed for fine roots,
hyphae, arbuscules, vesicles, and dark septate endophytes (DSE) using staining followed
protocols established in Ranelli et al. (2015). For this protocol samples were rinsed in tap
water to remove ethanol and then partitioned into tissue cassettes for clearing and
staining. Cassettes were cleared in a 10 % KOH solution for x days, with variations in
clearing time due to individual thickness of roots. Potassium hydroxide was rinsed from
cassettes and transferred to acidified water. Roots were then stained with a 5 % Schaffer
ink/white vinegar solution for 15-20 minutes and then de-stained in 10 % KOH for
several days. Quantification was performed using the magnified intersection method at
450 x magnification (McGonigle et al. 1990).
3.3.3. Statistical analysis
All analyses were conducted in R version 4.0.2. (R Core Team 2020) p-value set
to below or equal to 0.05.
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To confirm that plants were effectively randomized across the treatments we used
a simple ANOVA with treatment as the main effect and fresh biomass, measured prior to
transplant into experimental array, as the response variable.
We constructed binomial regression models to determine the effects of T. arvense
on demographic performance during the experiment. For recruitment, we specified
treatment, genotype, and a treatment x genotype interaction term as predictive variables,
time as a covariate, and observations of new growth (yes or no) as the response variable.
For mortality, we used a binomial regression with the same predictive variables and final
plant status (live or dead) as the response variable.
We constructed mixed models or ANOVA with post hoc tests using treatment or
genotype as a fixed effect, genotype as a random effect for treatment, and a treatment x
genotype interaction for variables related to final size: whole plant dry biomass, above
ground biomass, belowground biomass, and root:shoot ratio. Dry biomass was
normalized through log transformation. A constant was added to all values prior to log
transformation to correct for negative values resulting from the transformation.
To determine the effects of T. arvense on fungal root colonization we constructed
a mixed model with treatment, genotype, and a treatment x genotype interaction as
effects and colonization of fine roots by arbuscules and vesicles with assumption of a
normal distribution in the error term. These response variables were normalized through
an arcsin transformation. Dark septate endophytes (DSE) were analyzed with the same
effects in the model but with poisson distribution assumptions due to the zero-skew of the
data.
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To visualize effects of the environmental treatments and the potential for
underlying genetic variation, we plotted reaction norms of individual genotypes for each
response variable following standard quantitative genetics approaches (Via and Lande
1985).
3.4. Results
Binomial regression on new growth data showed that new growth was
significantly affected by individual genotype (binomial regression; p=0.015), but not
treatment or the genotype by treatment interaction (Figure 3.1). Individual genotype was
significant across all time points for new growth, while treatment was not significant at
any time (10, 20, 30 days for new growth). Binomial regression was also performed on
mortality, with genotype but not treatment significantly affecting mortality and a
genotype x environment interaction (p<0.001; p<0.001; respectively, Figure 3.2). Both at
specific periods and across the entire experiment no treatment effect was evident over the
duration of the experiment.
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Figure 3.1. Reaction norms are presented from new growth of Festuca thurberi individuals separated out by treatment a) control, b) F.
thurberi, c) N. fendleri, d) T. arvense to show differential effect of treatment on genotype over time.
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Figure 3.2. Rate of mortality in Festuca thurberi is shown in a reaction norm averaged
across treatment.
Analysis of variance showed that both treatment and genotype had a significant
effect on relative greenness (p=0.005, p<0.001; respectively; Figure 3.3). The magnitude
of the effects were inconsistent, however with a variation in adjusted r2 of 0.053 for
treatment and 0.275 for genotype. Linear regressions were also constructed for each
individual sampling period and while treatment as a whole was not significant during any
individual period, genotype showed significant effects on day 18 and 20 (p=0.040,
p=0.020; respectively).
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Figure 3.3. Reaction norms were constructed from mortality surveys of Festuca thurberi individuals. Treatment a) control, b) F. thurberi,
c) N. fendleri, d) T. arvense were separated to show to show differential effect of treatment on genotype over time.
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Starting fresh weight was analyzed through linear model to determine if samples
had been adequately randomized prior to experiment. No treatment effect was present in
starting fresh weight. Root dry weight biomass was significantly effected by genotype
(p=0.040), but shoot dry weight biomass was not significantly effected by genotype
(p=0.191). Dry weight biomass, as a whole varied by genotype but not by treatment
(p<0.001; Figure 3.4a). Analysis of variance found a treatment effect of genotype on
root:shoot (p<0.001; Figure 3.4b).
One way ANOVA did not show any significance of treatment, genotype, or
treatment x genotype interaction on percent of fine root with arbuscules or vesicles
present. Generalized linear model did show a significant difference between a genotype
model and null model when examining DSE (p<0.001; Figure 3.4c), however treatment
was not shown to be significant. Mixed effect models showed that treatment was a
significant variable with genotype as a random effect for percent of fine root with
arbuscules present (p=0.04; Figure 3.4d). When controlling for treatment each genotype
varied significantly in percent of fine roots colonized by both arbuscules and vesicles
(p<0.001; Supplemental Figure 3.1).
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Figure 3.4. Reaction norms, constructed by treatment for each genotype across a) dry weight biomass, b) root:shoot ratio, c) percent of
fine root with dark septate endophytes, d) percent of fine root with arbuscules present.
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3.5. Discussion
3.5.1. Examining the effects of intraspecific variation and simulated invasion on F.
thurberi biology and association
New growth in F. thurberi varied across genotype as a whole, however, when
separating treatments out we also noted crossing in trend lines indicating an interaction
between genotype and time (Figure 3.1). Several genotypes lagged in new growth early
after experiment establishment but became more likely to have new growth present 20 or
30 days into the experiment. Plastic responses are likely to play a particularly important
role in population persistence as climate change introduces novel pressures (Frei et al.
2014) with recruitment and survivorship determining addition sources of intraspecific
variability. This variation in recruitment may be amplified in natural settings due to the
natural fragmentation of high elevation populations, similar to island habitats (Burkey
1995).
Mortality was significantly affected by individual genotype across both sampling
periods, with some genotypes having little to no mortality and some genotypes
experiencing higher levels of mortality (1.3 – 30.7 %; Figure 3.2). The reaction norm
indicates an effect of treatment on individual genotypes, with crossing trendlines,
however no consistent trend was found for treatment overall.
Contrary to our hypotheses, simulated invasion by T. arvense resulted in few
significant effects on F. thurberi. However, one instance of treatment altering F. thurberi
biology was in relative greenness of N. fendleri relative to control and F. thurberi
treatment (Figure 3.3). Thlaspi arvense did not vary significantly from either control and
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F. thurberi or N. fendleri. Despite the marginal effects of T. arvense on F. thurberi
biology it is important to determine if future interactions between T. arvense and endemic
plants and microorganisms will result in more significant disruption to normal ecosystem
function. While DI control, F. thurberi, and T. arvense relative greenness levels started
lower and N. fendleri started higher, all treatments converged on a stable relative
greenness level over the course of several sampling periods. Genotypes, while variable in
relative greenness, generally increased in relative greenness until a stable level was
reached as with treatment.
Dry weight biomass as well as biomass allocation between roots and shoots had a
high degree of intraspecific variability (Figure 3.4a,b). Some trends in total biomass and
biomass allocation were apparent. Genotype 8 had significantly lower dry weight
biomass than Genotypes 2, 3, 4, 5, and D (p<0.001, p<0.001, p<0.001, p=0.002, and
p<0.001; respectively). Despite having lower total biomass, root-shoot allocation was
more consistent between genotype 8 and the other genotypes, with lower root allocation
relative to shoots present only in comparison between genotype 8 and genotypes 1 and 3
(p=0.03 and p=0.02; respectively). Relative to other genotypes, 1 and 3 had consistently
higher root-shoot ratios than 2, 5, 8, and D. Based on these variations in dry weight
biomass and root-shoot ratios, we determined that composition of populations will play a
role on belowground spatial arrangement and net primary productivity.
Mycorrhizal association varied between genotype and did not respond to synthetic
invasion by T. arvense. Unlike other variables measured, genotype was confounded by
treatment in our experiment but when examining genotype through fixed treatment each
genotype varied significantly from control. Dark septate endophytes were found less
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frequently than either arbuscules and vesicles. In addition, percent of fine roots with DSE
present varied in distribution across genotype (Figure 3.4c). Dark septate endophytes are
an enigmatic group of fungi, which some researchers hypothesize may play an
ecologically role to similar to mycorrhizal fungi in scope and function. Additionally, DSE
have been shown to be more abundant in stressful environments (Mandyam and
Jumpponen 2005). Mycorrhizal association is understood to be a mutualistic symbiosis
where plant C is exchanged soil P (Smith and Read 2008). Association in our experiment,
as indicated by the percentage of fine roots with arbuscules present, was also significant
across treatment when controlling for genotype (Figure 3.4d). Arbuscules are specialized
interfaces across which nutrients are exchanged between a plant and fungal partner
(Smith and Read 2008), and therefore critical to understanding how F. thurberi may
respond to novel interactions. Future research on high elevation populations of F.
thurberi should take into account questions regarding the consistency of mycorrhizal
response to non-native plants across the spectrum of life histories as well as whether
these responses will be consistent under future climate change scenarios.
More instances of significant differences were found when evaluating differences
in F. thurberi biology across individual genotypes. Although effect on site conditions
have been shown to be an important component of invasive plant dynamics (Pyšek et al.
2012), genetic diversity of endemic populations, as well as species richness, is also an
important variable in evaluating the effects associated with novel interactions in a
changing climate.
3.5.2. Comparison of native member of the Brassicaceae to an introduced, low elevation
member of the Brassicaceae yielded unexpected results
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In both instances of a treatment effect being present, relative greenness (Figure
3.3) and percent of fine root with arbuscules developed (Figure 3.4d), the treatment
responsible for the effect was N. fendleri not T. arvense. Noccaea fendleri resulted in
elevated relative greenness that was not significantly different from T. arvense but was
significantly different from control and F. thurberi treatments and a decrease in arbuscule
formation. While N. fendleri is a native mustard present at the elevation of the source F.
thurberi, T. arvense is a non-native mustard that has become cosmopolitan at lower
elevations. We chose to include N. fendleri in this study in order to view the effects of a
non-native species that has been shown to lower fungal phylogenetic diversity (Trautwig
et al. in review) in the context of a native member of the Brassicaceae. Instead, we found
N. fendleri to have a significant effect.
Mycorrhizal fungi have been shown to interact with plant hosts along a
mutualism/parasitism continuum (Johnson et al. 1997). Variations were found in percent
of fine root colonization with arbuscules (Figure 3.4d). However, no variations were
found in final dry-weight biomass or root:shoot ratio by treatment (Figure 3.4a,b).
Control and F. thurberi treatments represent an unfiltered community and a community
reinforced with microbial organisms associated with F. thurberi, respectively. Thlaspi
arvense did not vary significantly from control treatment. However, N. fendleri did vary
significantly. We hypothesize that both members of the Brassicaceae filter
microorganisms (including carbon hungry AMF whose abundance inversely correlates
with plant biomass [Lynn et al. 2019]) out of a community but T. arvense, from a lower
elevation, also has novel microbes associated with it.
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One reason for this trend may have been that novel microorganism communities
associated with T. arvense may be more adapted to disturbance than microorganisms
associated with N. fendleri and therefore recovered more quickly following transplanting.
Arbuscular mycorrhizal communities have been shown to be highly influenced by
mechanical disturbance (Schnoor et al. 2010) and the presence of T. arvense may have
selected for more disturbance tolerant species.
3.6. Conclusion
Variations in F. thurberi biology and association with AMF were linked to
treatments with members of the Brassicaceae (T. arvense and N. fendleri) as well as
individual genotypes. Relative greenness and percent of fine roots with arbuscules were
both liked to treatment. While several more variables new growth, mortality, relative
greenness, dry-weight biomass, root:shoot, and percent of fine roots with DSE were
linked to individual genotype. Our research shows that it is important to consider
intraspecific variation present in dominant plant species, such as F. thurberi, when
predicting how disturbances, like novel interactions between non-native and native plant
species, will affect future plant communities under climate change scenarios.
Intraspecific variation may be more important than species identity in novel interactions.
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CHAPTER 4
THE HIGH ROCKIES: A MOUNTAIN, MECCA FOR MUSTARDS…AND
MYCORRHIZAE?

4.1. Abstract
A growing body of research shows examples of irregularly colonized members of
the Brassicaceae. In particular, evidence of arbuscules, the structures most commonly
associated with a functional relationship between arbuscular mycorrhizal fungi and a
plant partner has raised questions into the role of members in the Brassicaceae in fungal
biogeography in harsh ecosystems. We surveyed 184 individuals across 12 genera in the
Brassicaceae for evidence of mycorrhizal association including presence of hyphae,
vesicles, and arbuscules. The survey evaluated individuals across an elevational, spatial,
and temporal range. We found that genera vary in mycorrhizal structures present as well
as frequency of those structures, with no discernable phylogenetic pattern. Variables,
such as life-history and population, contributed to structures associated with mycorrhizal
association.
4.2. Introduction
Arbuscular mycorrhizal fungi have been shown to play a role in nutrient
acquisition, pathogen resistance, and drought resistance of plant symbionts (Neumann
and George 2010; Delavaux et al. 2017). Our research joins the growing body of
literature documenting the presence of irregular mycorrhizal association with members of
the Brassicaceae. In the last 45 years, structures widely recognized to be necessary for
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symbiosis between mycorrhizal fungi and plant partners have been observed in 15
members of the Brassicaceae including: Brassica compestris, B. napus, Biscutella
laevigata, Capsella bursa-pastoris, Lepidium bonariense, L. bidentatun var. o-waihiense,
L. didymium, Lobularia maritima, Lunaria annua, Rorippa indica, Sisymbium irio, S.
loeselii, Thlaspi caerulescens, T. montanum, and T. praecox (Saif and Iffat 1976; Medve
1983; Tommerup 1984; Koske et al. 1992; Kapoor et al. 1996; Orlowska et al. 2002;
Regvar et al. 2003; Shah et al. 2009; Massenssini et al. 2014).
An arbuscular mycorrhizal association is characterized by the presence of
intraradical non-septate hyphae, vesicles, arbuscules, hyphal coils, or arbusculate coils
(DeMars and Boerner 1996; Cavagnaro et al. 2001; Begum et al. 2019). While a
symbiotic relationship between plant and mycorrhizal fungi is characterized by the
presence of arbuscules or pelotons (Brundrett 2009; Brundrett and Tedersoo 2018).
Recently, it has been hypothesized that the presence of arbuscules may not be necessary
for a functional symbiosis and that vesicles may also perform this function (Bueno et al.
2019). Additionally, facultative fine roots or late life-stage roots (defined by the presence
of vesicles and hyphae but not arbuscules) can be attached to non-mycorrhizal roots and
this symptom is pervasive in colder environments (Brundrett 2017).
To the best of our knowledge this study is unprecedented in both scope and
breadth. Our aim was to discern if members of the Brassicaceae host mycorrhizal fungi
(relevant to mycorrhizal biogeography) or if members of the Brassicaceae show signs of
association (relevant to Brassicaceae biology) in the field and under pressure from an
abridged growing season. Formative research has been conducted on potted members of
the Brassicaceae, absent environmental pressure, (DeMars and Boerner 1996)—as well as
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evaluating individual members of the Brassicaceae alongside a community writ large
(Koske et al. 1992; Shah et al. 2009; Massenssini et al. 2014). A thorough review of the
literature (Trautwig et al. in review) was conducted and led us to examine 15 members of
the Brassicaceae for presence of mycorrhizal structures in the high Rocky Mountains
where the growing season can be as brief as two months. We approached this research
with the following hypothesis: 1) Structures associated with mycorrhizal fungi will be
present in some members of the Brassicaceae and of those species with structures a
further subset will form mycorrhizal associations denoted by the presence of arbuscules.
2) Evidence of association with mycorrhizal fungi and other ecologically relevant
endophytes will vary across species and will be more or less present in invasive members
compared to native members. 3) In species in which associations are present populations
will vary in their intensity of colonization. 4) Phylogenetic distance will partially explain
the presence or absence of structures associated with mycorrhizal fungi across plant
species.
4.3. Materials and Methods
4.3.1. Experimental design
Surveys were conducted twice during the growing season from June 5th, 2017 to
June 20th, 2017 and again from July 25th, 2017 to August 8th, 2017. In the first survey 18
sub-alpine meadows were evaluated and in the second survey 8 sub-alpine meadows were
evaluated, due to decrease in prevalence of members of the Brassicaceae at the end of the
growing season, with some overlap (Table 4.1).
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Table 4.1. Average number of structures associated with AMF per sample was determined for fine roots, arbuscules, vesicles, darkseptate endophytes (DSE), and hyphae across each member of the Brassicaceae surveyed (15 species; n=184). Standard deviation was
presented in parentheticals for each average. We also denoted the range of dates and elevations samples were collected from to aid in
comparisons across the published record.
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Entire plants were collected and divided into above and belowground biomass.
Belowground biomass was be stored in 70 % ethanol until they were cleared and stained
and then kept at 4 °C. Above ground biomass was pressed and stored for identification in
consultation with experts in the field. In total we examined 15 members of the
Brassicaceae across 12 genera and a variety of life histories (invasive, non-native,
indigenous, and endemic). One-hundred and fifty-four individuals were examined from
2437-3826m asl.
Staining followed protocols established in Ranelli et al. (2015). Samples were
rinsed in tap water to remove ethanol and then partitioned into tissue cassettes for
clearing and staining. Cassettes were cleared in a 10 % KOH solution for 4-5 days.
Potassium hydroxide was rinsed from cassettes and transferred to acidified water. Roots
were then stained with a 5 % ink:vinegar solution for 15-20 minutes then de-stained in 10
% KOH for several days.
Quantification was performed with 10 replicates per slide using the magnified
intersection method (McGonigle et al. 1990) at 450 x magnification.
4.3.2. Statistical analysis
All statistical analyses were conducted in R 4.0.2, unless otherwise noted, with
significance denoted at a p-value below or equal to 0.05.
Mean number of structures were summarized, per sample (n=184), for each of the
15 species collected along with standard deviation. Structures assessed fell into three
categories plant structures (fine roots), structures associated with mycorrhizal fungi
(arbuscules, vesicles, and hyphae), as well as other ecologically relevant endophytic
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structures (dark-septate endophytes [DSE]). These metrics were determined to be of the
most relevance to the subject of this research--whether members of the Brassicaceae
associate with AMF. In the interest of further characterizing any interactions we collected
data on date of collection as well as elevation in order to define set populations.
In order to determine if one or more genera were more or less likely to form
associations with AMF we analyzed all genera through non-metric multidimensional
scaling (NMDS) across several variables relevant to association (number of fine roots per
sample, number of arbuscules per sample, number of vesicles per sample, number of DSE
per sample, number of hyphae per sample, number of mycorrhizal structures per sample,
number of mycorrhizal structures exclusive hyphae per sample, percent mycorrhizal
colonization per sample, percent colonization with mycorrhizal structures exclusive
hyphae per sample). In order to visually identify subjective groups of genera we denoted
clusters as green (probable AMF interactions), yellow (possible AMF interactions), and
red (unlikely to interact with AMF). These groupings were also illustrated on a side-byside comparison of number of mycorrhizal structures observed per sample. Due to the
zero-skew of our data we used a generalized linear model with Poisson distribution to
determine if genus was a significant variable in determining abundance of mycorrhizal
structures. Models were compared to null-models to derive a p-value. Phylogenetic trends
in interactions between AMF and members of the Brassicaceae was assessed qualitatively
using previously published phylograms.
The invasion status was determined by existing USDA classifications as either
introduced or native. One species Lepidium densiflorum was identified as both
introduced and native in our region and we used observations from the field to classify it
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as introduced. A GLM with Poisson distribution was also used to determine if invasion
status was a significant variable to abundance of mycorrhizal structures and compared to
a null model.
In order to determine if variations existed in structures over space and time we
used elevation and date of collection to separate populations of members of the
Brassicaceae. Due to the nature of modeling our populations we elected to evaluate only
members of the Brassicaceae for which a sufficient number of samples had been
collected. The three most abundant species in our survey Boechera stricta (n=29),
Noccaea fendleri (n=29), and Thlaspi arvense (n=50) met this threshold. In order to
determine if our survey would have benefited from additional data collection for future
research we used accumulation curves for each of the structures we examined. In
addition, we used GLMs with fixed effects and Poisson distributions to determine if
elevation and individual dates of collection were significant variables.
4.4. Results
Only one genus found in our survey included multiple species, Draba (D.
albertina, D. crassifolia, D. helleriana, and D. spectablis) (Table 4.1). While some
genera were confined to specific elevations or dates collected from the field due to
scarcity (Chorispora tenella, Descuraina incana, Draba albertina, D. helleriana,
Schoenocrambe linifolium, Turritis glabra), others were found over a range of elevations
(Barbarea vulgaris, Capsella bursa-pastoris, Draba spectablis), dates (Boechera stricta,
Erysimum capitatum, Lepidium densiflorum), or both (Draba crassifolia, Noccaea
fendleri. Thlaspi arvense). Number of structures widely accepted as being necessary for a
mycorrhizal association, arbuscules (Brundrett 2009), were either absent, or found at low
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densities relative to most mycorrhizal plants. Vesicles, which have also been proposed as
indication of mycorrhizal association (Bueno et al. 2019) were found at higher densities
and were present in some instances with arbuscules being absent.
Mycorrhizal structures (hyphae, vesicles, and arbuscules) were modeled across
each of the 12 genera present and found to vary significantly from null models (p<0.001;
Figure 4.1a). In non-metric multi-dimensional scaling three groups formed with the
majority of genera falling in the middle group. Outliers were compared across number of
mycorrhizal structures present as being either abundant in number of mycorrhizal
structures present or absent mycorrhizal structures (Figure 4.1b).
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a.

b.

Figure 4.1. a) Non-metric multidimensional scaling was conducted for each of the genera present across our survey, represented by
Bray-Curtis distribution across genus. Points represent centroids and error bars represent standard error. Genera were grouped post-hoc
for visualization purposes in conjunction with b). These visualizations indicate our evaluation of probability of mycorrhizal association
with green indicating probable, yellow indicating possible, and red indicating unlikely. b) Total number of structures associated with
AMF (arbuscules, vesicles, and hyphae) were compared across genera for each sample. P-value indicates an analysis of deviance
conducted on genera with Poisson-distribution against a null model.
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Role of phylogenetic position in association between AMF and members of the
Brassicaceae was determined by overlaying families of individual genera found in our
survey on a recognized phylogram (Kiefer et al. 2014; Figure 4.2).

Figure 4.2. The framework for this phylogram was reproduced from Kiefer et al. 2014.
Only tribes found in our survey were included with the exception of Aethionemeae, which
was included as a basal lineage (*). Presence of arbuscules and vesicles are denoted with a
“+” when present or a “0” when absent. In the case of multiple species being represented
from a tribe the species are separated by commas.
Mycorrhizal structures were also compared across invasion status (introduced or
native; as defined by the USDA). Compared to null models invasion status models were
significantly different (p<0.001) (Figure 4.3).
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Figure 4.3. Total number of structures associated with AMF (arbuscules, vesicles, and
hyphae) were compared across invasion status (as classified by the United States
Department of Agriculture), for each sample. P-value indicates an analysis of deviance
conducted on genera with Poisson-distribution against a null model.
Structure accumulation curves were also constructed for the most abundant
species in our survey Boechera stricta, Noccaea fendleri, and Thlaspi arvense (Figure
4.4a-c). These structures in each instance either approached level (arbuscules, DSE, and
vesicles) or appeared linear (hyphae) with number of structures increasing with every
sample. The only exception to this trend was in vesicles found in T. arvense. These
structures also appeared in most samples. We conducted fixed-effect models for each of
these species and found that in B. stricta and T. arvense elevation had a significant effect
on number of mycorrhizal structures present per sample (p<0.001 and p=0.006;
respectively) when controlling for date of collection (Figure 4.4d-f). Similarly, date
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collected had a significant effect on number of structures present for several dates in both
B. stricta and T. arvense.
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Figure 4.4. The three most abundant species in our survey Boechera stricta (n=29), Noccaea fendleri (n=29), and Thlaspi arvense (n=50)
were subjected to accumulation curves separated by structure for arbuscules, DSE, hyphae, and vesicles (a, b, c; respectively). Total
number of these structures per sample were broken out by sampling period and presented with trendlines and confidence intervals across
B. stricta, N. fendleri, and T. arvense (d, e, f; respectively). Asterisks (*) indicate significance at the α=0.05 level in fixed effect models
across elevation with date collected modeled as a fixed effect in order to denote the relationship with fungal structures associated with
AMF over time while accounting for elevation. The variables “ns” denote no significant effects associated with either elevation or date
of collection.
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4.5. Discussion
4.5.1. Structures associated with mycorrhizal fungi vary across genus with some genera
having arbuscules present
Although the Brassicaceae is typically characterized as non-mycorrhizal
(Brundrett and Tedersoo 2019), different degrees of mycorrhizal association have been
recorded in separate species (Saif and Iffat 1976; Kapoor et al. 1996; Regvar et al. 2003;
Massenssini et al. 2014). DeMars and Boerner (1996) found that of 646 taxa belonging to
the Brassicaceae none associated with Glomus intraradices after five-weeks in
greenhouse conditions. Capsella bursa-pastoris has been evaluated in the field and found
to have “medium” AMF association (Saif and Iffat 1976), forming internal hyphae,
vesicles, extraradical hyphae and chlamydospores but not arbuscules in field conditions
(DeMars and Boerner 1994), and no mycorrhizal association in field (Medve 1983). This
variation in documentation of association between C. bursa-pastoris specifically, and in
the Brassicaceae generally, caused us to hypothesize that association between members
of the Brassicaceae and AMF may be inconsistent and influenced by site conditions.
Of the 15 species survey 40% demonstrated some degree of arbuscule
development with percent mycorrhizal colonization (composed of arbuscules, vesicles,
and hyphae) ranging from 12.6-41.3% (Table 4.1). Vesicle development was more
common, present in 73% of species surveyed. The large range of standard deviation
indicates that variation in number of mycorrhizal structures can be highly variable with
less than one arbuscule observed for each sample with arbuscules present. This scarcity
indicates that association with AMF may not be the normal function and may vary with
other variables. However, the percent mycorrhizal colonization leads us to infer that
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whether mycorrhizal fungi play a significant role in high-elevation Brassicaceae biology,
the members of the Brassicaceae play a role in AMF biogeography.
Genera grouped readily into at least three distinct clusters (Figure 4.1a). In
conjunction with average number of mycorrhizal structures per sample (Figure 4.1b) we
identified these groups as either probable association with AMF (Barbarea and
Schoenocrambe), possible association with AMF (Boechera, Capsella, Descuraina,
Draba, Erysimum, Noccaea, Thlaspi, and Turritis), unlikely to associate with AMF
(Chorispora and Lepidium). Due to the significance of our genus model (p<0.001; Figure
4.1), we determined that despite the degree of variation in number of mycorrhizal
structures or number of individual types of mycorrhizal structures this characteristic is an
important arbiter of number of mycorrhizal structures and mycorrhizal status.
4.5.2. Phylogenetic groups did not explain the presence or absence of structures
associated with mycorrhizal fungi
Using an earlier phylogenetic framework for the Brassicaceae (Kiefer et al. 2014)
we found that species included in our survey covered every lineage proposed for the
Brassicaceae (with the exception of the basal tribe Aethionemeae), although some
lineages were more well-represented than others (Figure 4.2). While lineage 1 had
variable indications of association with three species across three tribes out of 7 species,
or 6 tribes, having arbuscules present, vesicles were more common. Every member of
lineage 2 displayed arbuscules, but in the extended second lineage none of the 4 species
in Arabideae had arbuscules present. Similarly, the lone species representative of the
third lineage, Chorisporeae, had neither arbuscules nor vesicles present. Previous
research conducted on phylogenetics of AMF found to associate with Thlaspi indicated
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that although inoculates nested within the Glomus intraradices complex they were not
identical to previously stored G. intraradices sequences (Regvar et al. 2003). Contrary to
these findings, members of the Brassicaceae with structures associated with AMF
colonizing fine roots did not nest within a specific phylogenetic clade. We also theorize,
in accordance with Regvar et al. (2003) that these associations are unlikely to be
functional but that they may represent a unique arrangement with respect to biogeography
of distinct members of G. intraradices.
4.5.3. Number of mycorrhizal fungal structures varied across invasion status
In addition to containing commercially important crop species (Brassica spp.) and
scientifically valuable model systems (A. thaliana), the Brassicaceae also includes several
pernicious invasive and non-native species (Hurka et al. 2003: Al-Shehbaz et al. 2006;
Franzke et al. 2011). Garlic mustard (Alliaria petiolata) is one of the most well
characterized members of the Brassicaceae. Invasion by A. petiolata has been linked to
reduction in AMF colonization, reductions in ectomycorrhizal fungi, shifts in broader
fungal communities, and the appearance of novel pathogens and saprotrophic fungi
(Stinson et al. 2006; Wolfe et al. 2008; Anthony et al. 2017). Another non-native member
of the Brassicaceae, T. arvense, has been shown to reduce phylogenetic diversity of AMF
in sub-alpine meadows (Trautwig et al. in review). Due to the demonstrated effects of
non-native members of the Brassicaceae on fungal communities and novel site-species
interactions as non-native members ranges expand due to climate change, we anticipated
finding a difference between number of mycorrhizal structure present in native/nonnative members.
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Null models varied significantly from models incorporating invasion status
(p<0.001) with non-native species having higher numbers of structures associated with
mycorrhizal fungi than native species (Figure 4.3). A variety of native and non-native
species were incorporated into this analysis across the spectrum of life-history strategies.
Included were high-elevation specialists, members at the upper extreme of their
elevational ranges, cosmopolitan non-natives, and invasive species. Based on our
findings, an expanded investigation into the life-histories of members of the Brassicaceae
and their interactions with AMF would be warranted. In particular, determining if
nutrient exchange consistent with a symbiotic relationship contributes significantly to
invasion success or if associated fungi are phylogenetically distinct as seen in Regvar et
al. (2003).
4.5.4. Species in which associations were present had populations that varied in intensity
of colonization
Plant ranges have been shown to shift higher in elevation in response to the
effects of climate change, including a mean shift of 41 m in the Gunnison basin over the
last 65 years (Zorio et al. 2016). This trend has also been observed in other high elevation
systems (Kelly and Goulden 2008; Kopp and Cleland 2014; Savage and Vellend 2015).
These shifts will result in novel site-species interactions as well as novel competitive
interactions relevant at the population level (Alexander et al. 2015). Levels of
colonization were also found to vary over time based on plant developmental stage,
heavy metal accumulation, and glucosinolate production (Pongrac et al, 2007; Pongrac et
al. 2008). This variation across several edaphic features and physiology, in conjunction
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with the variations in AMF presence between members of the same species in different
locations warranted closer examination.
Each of the three most populous species in our survey (B. stricta, N. fendleri, and
T. arvense) did not demonstrate a material accumulation of arbuscules over time, as was
the case with hyphae vesicles (Figure 4.4a-c). These species were also members of our
second group of genera hypothesized to possibly associate with AMF (Figure 4.1). Future
research should also include more in-depth sampling of Barbarea and Schoenocrambe in
order to validate our model determining likelihood of association with AMF. As
enumerated in Brundrett (2009), arbuscules are generally accepted to denote a functional
mycorrhizal association while others including Bueno et al. (2019) have speculated that
other structures may benefit plant partners as well. Similarly, future research should
include molecular characterization of AMF in members of the Brassicaceae to determine
if these species present an ecological niche to AMF as is indicated by Regvar et al.
(2003) finding a unique member of Glomus intraradices.
Elevation and date collected, by which we separated populations of B. stricta, N.
fendleri, and T. arvense were found to be significant in determining number of structures
associated with AMF in two of three cases (Figure 4.4d-f). In addition, when looking at
trend in number of AMF structures over elevation these trends differed across sampling
period (i.e. June versus Late-July/Early- August for B. stricta, June versus July for N.
fendleri, and June versus August for T. arvense). This supports previous findings that site
conditions and physiology play a role in Brassicaceae-AMF association (Pongrac et al,
2007; Pongrac et al. 2008) and adds further context for high-elevation populations.
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4.6. Conclusion
Members of the Brassicaceae are typically considered non-mycorrhizal, with AMF
occasionally infecting older roots but structures associated with nutrient exchange absent.
In the face of prevailing evidence that challenges the conventional wisdom regarding
interactions between the Brassicaceae and AMF, including a) myriad of examples of
members of the Brassicaceae growing with arbuscules present, b) novel strains belonging
to G. intraradices being sequenced from Thlaspi roots, c) questioning of the structures
required to form functional symbioses, we investigated the relationship between members
of the Brassicaceae and AMF in sub-alpine meadows. We noted that several members of
the Brassicaceae in inhospitable, high elevations sites, with limited growing seasons also
hosted AMF with structure necessary to form rudimentary associations. These structures
varied in type and intensity by genus, life history strategy, and population. They did not
follow a discernable pattern along recognized phylogenetic boundaries. We propose
additional, field-based, research in order to determine if these associations are relevant to
AMF biogeography and plant biology to determine if nutrients are being exchanged in a
functional symbiosis.
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CHAPTER 5

CONCLUSIONS AND CONTEXT
5.1. Introduction
Mountain ecosystems are a prevalent fixture of the landscape, a shrinking source
of vital summer fresh water, and home to unique biota as well as elevationally extreme
populations (Marshall et al. 2011; Nakajima et al. 2014; Chmura et al. 2016; Donhauser
and Frey 2018). Due to the stark contrast in climatic conditions and biotic characteristics
over relatively short geographic distances mountain ecosystems have long been
investigated for their unique ecological value (Siles and Margesin 2016). In these
ecosystems temperature and available soil moisture are limiting variables in sub-alpine
meadows with some microorganisms buffering these effects on plant associates (Kivlin et
al. 2013; Rudgers et al. 2014; Winkler et al. 2016; Kueppers et al 2017). Land use
history also plays a role in belowground abundance and diversity, population structures
cannot be explained strictly within the context of abiotic factors over an elevational
gradient, and commonly used abiotic variables are not sufficient to differentiate between
different spatial scales (Hendershot et al. 2017). Unifying generalizations regarding
microbial abundance, diversity, and associated biogeochemical cycles are inconsistent
when projected over elevational gradients (Sundqvist et al. 2013; Siles and Margesin
2016; Hendershot et al. 2017).
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5.2. High Elevation Populations of Thlaspi arvense Alter Belowground Communities
but Not Biology of a Dominant, Meadow Grass Species
Members of the Brassicaceae produce specialized allelopathic compounds,
glucosinolates. Glucosinolates include volatile and semi-volatile compounds that result
from glucosinolate degradation, and hydrolytic products of glucosinolates—
isothiocyanates (Ahuja et al. 2010; Schranz et al. 2011; Brolsma 2014). Numerous
researchers have demonstrated isothiocyanates can have anti-microbial effects (Walker et
al. 1937; Klopping and van der Kerk 1951; Bradsher et al. 1958).
These compounds have been shown to be responsible for some of the ecological
effects associated with other members of the Brassicaceae including Alliaria petiolata.
Alliaria petiolata has been shown to reduce mycorrhizal inoculum in its invaded range
but not in its native range, as well as reduce AMF colonization and ectomycorrhizal fungi
(EcM) colonization (Roberts and Anderson 2001; Stinson et al., 2006; Wolfe et al.,
2008). Invasion of A. petiolata is also associated with novel saprobes and pathogens,
broad shifts in functional groups, and an increase in overall fungal richness (Anthony et
al. 2017).
We hypothesized that T. arvense would be associated with many of these shifts in
plant-fungal interactions at elevationally extreme populations—which are expected to
continue shifting higher in elevation, supported by broad trends in plant migration (Kopp
and Cleland 2014; Savage and Vellend 2015; Zorio et al. 2016), with the effects of
climate change.
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Thlaspi arvense was found to influence plant community composition (Table 2.1)
and AMF community composition, with a significant elevation class by vegetation status
interaction in whole fungal community composition (Table 2.2). Arbuscular mycorrhizal
fungi phylogenetic diversity was influenced by the presence of T. arvense with T. arvense
acting as a filter through which only a portion of the AMF were able to persist (Figure
2.4). Similar to Anthony et al. (2017) we found indicator OTUs associated with presence
of T. arvense (Table 2.4).
A potting experiment designed to elucidate the effect of T. arvense on Festuca
thurberi growth, development, and association with AMF indicated that T. arvense did
not significantly effect dry weight biomass, root:shoot biomass, or AMF colonization
(Figure 3.3). Further research on plant fungal interaction between F. thurberi and AMF
OTUs is warranted given earlier results on AMF phylogenetic diversity (Figure 2.4).
Additionally, growth and development of other high-elevation naïve plant species should
be investigated to determine the scope of impact T. arvense may have on sub-alpine
meadow communities in conjunction with research that has indicated T. arvense
influences population dynamics and genetics of a native butterfly species Pieris
macdunnoughii (Nakajima and Boggs 2015).
5.3. Members of the Brassicaceae Interact with Arbuscular Mycorrhizal Fungi with
Some Atypical Development
The Brassicaceae is typically considered to be a non-mycorrhizal family (DeMars
and Boerner 1996). Our research joins a growing body of evidence documenting
interactions between members of the Brassicaceae and AMF, denoted by the presence of
arbuscules (Chapter 1). We found several members of the Brassicaceae to host arbuscules
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in high elevation meadows (Table 4.1). In total, 21 members of the Brassicaceae have
been documented as having some level of arbuscules present in plant roots (Saif and Iffat
1976; Medve 1983; Tommerup 1984; Koske et al. 1992; Kapoor et al. 1996; Orlowska et
al. 2002; Regvar et al. 2003; Shah et al. 2009; Massenssini et al. 2014; Table 4.1; Figure
4.1), necessitating revisiting the classification as non-mycorrhizal, and conducting further
surveys of members of the Brassicaceae for mycorrhizal association.
Given the low level of mycorrhizal colonization of most members of the
Brassicaceae and the molecular analysis of roots of Thlaspi in Regvar et al. (2003), we
believe that members of the Brassicaceae may host unique members of the Glomus
intraradices complex and that members of the Brassicaceae may be relevant to AMF
biogeography. Experiments conducted in greenhouse setting has consistently found no
signs of association between members of the Brassicaceae and AMF (DeMars and
Boerner 1996), to the best of our knowledge all instances of arbuscules in members of the
Brassicaceae have been found in field soils.
5.4. Future Research Questions Raised from Our Research
Over the course of this research supplementary, as well as complementary,
questions have been raised for future research. Based on our research into high-elevation
fungal communities we propose further investigation into whether an elevation-for-time
substitution is feasible to extract meaningful insights into response of net primary
productivity, decomposition rate, microbial respiration, microbial biomass, and whole
fungal community as well as soil bacteria community, by depth, to future climate change
scenarios. We would be interested in achieving this by extracting intact soil cores and
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shifting elevations to determine if these variables change and if they recover when they
are replaced.
In addition, we would like to extend the time period of monitoring disturbed and
T. arvense present plots to determine what long-term effects, if any, result from T.
arvense establishment at the plot, and landscape level. We would be interested in
determining if T. arvense established plots persist year to year, if plots are indicative of
future establishment, and if extinct local populations re-emerge from the seed bank
following fresh disturbance.
In order to more conclusively determine the effects of T. arvense on F. thurberi
we would like to conduct a multi-faceted, multi-year growth experiment that will
measure both physical and chemical effects of T. arvense. A conjoined chamber with an
adult F. thurberi specimen would ease the energy burden of establishing mycorrhizal
networks. Future research should include more detailed analyses relative to growth, like
chlorophyll concentration and stomatal conductance. Sequencing individual F. thurberi
in key gene regions related to growth and development at the study conclusion would aid
in quantifying intraspecific variation.
To determine if T. arvense has effects on endemic plant populations we would
perform a germination study on high elevation bulk soil augmented with T. arvense
leachate. We would monitor which member of the population germinated and which are
excluded compared to historical and contemporary plant surveys.
Finally, additional genomic resources are necessary to aid in interpreting highelevation soil fungal sequences. We propose culturing soil fungi on a variety of media
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and constructing a library of important members of the community. Although we do not
expect a majority of the sequenceable community to be culturable, the genomic and trait
based context would be invaluable to future research.
From our research on which members of the Brassicaceae interact with AMF and
have structures indicative of association we conceived of a more extensive field survey of
members of the Brassicaceae with special attention to inhospitable ecosystems with
abridged growing seasons. This survey would include metabarcoding of the 18s region in
plant roots hosting mycorrhizal fungi for novel G. intraradices sequences (Regvar et al.
2003). The purpose of this study would be to formalize our understanding of the scope of
interactions between members of the Brassicaceae and AMF as well as to determine what
impacts members of the Brassicaceae have on AMF biogeography.
Additionally, we would like to examine cases of mycorrhizal association in the
Brassicaceae, as well as cases where mycorrhizal associations are absent, using
radiolabeled C and relevant micronutrients (N, K, etc.) to determine if a functional, or
rudimentary, association is present. We would also like to determine the relative nutrient
inputs of relevant endophytes and epiphytes. As above, this research would aid in
defining the scope of interactions between the Brassicaceae and AMF.
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